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ABSTRACT 


Pneumatically-placed  concrete,  or  shotcrete,  has  been 
used  extensively  for  a  number  of  years.  In  the  pneumatic 
process,  the  mortar  is  transported  through  a  hose  and 
projected  by  an  air  jet  directly  onto  the  surface  to  which 
it  is  to  be  applied.  The  force  of  the  air  jet  compacts  the 
material  in  place,  and  the  product  is  usually  zero  slump 
concrete.  The  most  commonly  known  and  widely  used  process  is 
the  dry  mix  or  MGuniteM  process  in  which  the  water  is  added 
to  the  mix  at  the  nozzle.  In  this  testing  program,  material 
from  a  wet  mix  process  (Gun-All)  was  used  for  the  main 
investigation . 

There  are  many  references  to  the  pneumatic  method  of 
placing  mortar  in  the  literature,  however,  most  of  them  refer 
to  the  physical  properties  of  the  material  in  general, 
relative  terms’  there  is  a  dearth  of  specific  test  result  data. 

The  object  of  this  testing  program  was  to  investigate 
the  compressive,  flexural,  steel  bond  and  concrete  to  concrete 
bond  strengths  for  various  shotcrete  mixes.  Linear  expansion 
under  moist  conditions  and  density  values  were  also  determined. 
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Thirteen  mixes  were  used  in  the  investigation,  twelve  using 
a  Gun-All  machine,  and  one  using  a  Gunite  machine. 

Open  mesh  molds  and  one  sided  forms  were  used  to 
fabricate  the  test  specimens,  thus  enabling  the  air  jet  and 
rebound  sand  to  escape  from  the  work. 

The  shotcrete  test  results  obtained  indicated  that 
the  compressive  strength-flexural  strength  relationship  was 
generally  within  the  range  of  that  for  regular  concrete. 

The  concrete  to  concrete  bond,  strength  in  flexure  was  on 
the  average  two-thirds  the  flexural  strength  of  comparable 
monolithic  shotcrete.  The  results  indicate  that  ultimate 
steel  bond  strengths  of  1000  psi  or  greater  can  be  obtained 
with  normal  shotcrete  mixes.  The  linear  expansion  under 
moist  conditions  was  found  to  be  comparable  to  that  of 
regular  concrete. 
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CHAPTER  I 


INTRODUCTION 


TERMI NOLO GY 


In  this  text  the  term  "pneumatically  placed  concrete" 
is  used  in  discussing  the  material  and  processes  involved. 
Other  synonymous  or  nearly  synonymous  terms  are 
"pneumatically  placed  mortar",  "shotcrete",  "air  placed 
concrete",  "gunned  concrete",  and  "Gunite". 

The  general  definition  of  these  terms  is  best  laid 
out  by  the  American  Concrete  Institute  Standards  (1)  which 
state:  "Pneumatically  Placed  Mortar  is  mortar  which  is 
projected  by  an  air  jet  directly  onto  the  surface  to  which 
it  is  to  be  applied,  irrespective  of  the  type  and  manufacture 
of  the  mixing  and  placing  apparatus.  The  force  of  the  jet 
compacts  the  mortar  in  place."  The  term  pneumatically  placed 

*  Numbers  in  brackets  indicate  references  listed  in 


List  of  References. 


concrete  is  used  in  this  text  instead  of  pneumatically 
placed  mortar,  because  varying  amounts  of  3/8  in.  maximum 
size  aggregate  are  used  in  some  of  the  tests.  "Shotcrete" 
is  the  term  commonly  used  by  the  American  Concrete  Institute 
and  ,fGunite,!  is  the  trade  name  for  a  specific  dry  mix  proces 


CLASSIFICATION  OF  DIFFERENT  PROCESSES 

The  processes  for  producing  pneumatically  placed 
concrete  may  be  divided  into  three  classifications.  These 
three  types  have  some  common  features  in  that  the  material 
is  transported  through  a  hose,  and  then  sprayed  or  shot  out 
of  a  nozzle.  The  distinguishing  features  of  the  processes 
are  as  follows: 

TYPE  I  -  The  material  is  mixed  dry  and  transported 
by  compressed  air  through  a  hose,  with  the  water  for  the 
mix  added  at  the  nozzle  by  the  nozzle  operator.  The 
product  is  usually  zero  slump  concrete.  Examples  of  the 
use  of  this  process  is  found  in  ,fGunite,,  and  "Bondactor” 
equipment . 

TYPE  II  -  The  material  is  wet  mixed,  and  transported 
by  compressed  air  through  a  hose.  The  product  is  usually 
zero  slump  concrete.  An  example  of  the  use  of  this  process 
is  found  in  the  "Gun-All"  equipment. 
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TYPE  III  -  The  material  is  wet  mixed  and  pumped 
by  positive  displacement,  with  air  being  introduced  only 
at  the  nozzle.  The  nozzle  velocity  is  considerably  lower 
than  Types  I  and  II  and  wetter  material  is  generally  used. 
An  example  is  found  in  "Airplaco"  equipment. 

In  the  literature  and  particularly  in  the  A.C.I. 
literature  wherever  the  reports  are  sufficiently  specific, 
the  references  to  "pneumatically  placed  mortar"  and 
"shotcrete"  appear  to  deal  with  the  dry  mix  process. 

This  testing  program  deals  mainly  with  the  wret  mix 
process  (Type  II).  Tests  were  conducted  on  samples  from 
12  different  mixes  using  a  Gun-All  Machine,  while  one  mix 
was  tested  using  the  dry  mix  process,  that  is,  with  a 
Gunite  machine. 


HISTORICAL  REVIEW 


The  dry  mix  or  ,fGunite,,,  process  has  been  used 
extensively  for  a  number  of  years,  for  concrete  repair 
work,  construction  of  canal  linings  (2),  tunnel  linings 
and  swimming  pools  and  other  types  of  construction  which 
would  otherwise  require  difficult  formwork  (3). 
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Prior  to  1951  the  published  data  on  shotcrete 
consisted  mainly  of  descriptions  of  construction  procedures 
on  various  projects.  A  report  by  Chadwick  (3)  in  1947 
discussed  the  advantages  and  disadvantages  of  shotcrete  in 
general  terms.  The  lack  of  specific  data,  and  some 
conflicting  claims  were  noted  by  R.  A.  Spencer  (4)  in  1950. 

Mr.  Spencer  stated  that  "There  seems  to  be  a  dearth  of 
accurate  information  about  pneumatically-placed  mortar . " 

In  1959,  P.  J.  Fluss  (5)  again  noted  the  lack  of  shotcrete 
information,  when  he  stated,  "During  a  recent  survey  the 
writer  was  appalled  by  the  lack  of  test  data  pertaining  to 
pneumatically  placed  mortar." 

The  A.C.I.  Standard  "Recommended  Practice  for  the 
Application  of  Mortar  by  Pneumatic  Pressure  (A.C.I-  805-51 ) M 
is  the  most  comprehensive  of  the  available  published  shotcrete 
information.  It  should  be  noted  that  in  this  Standard  the 
definition  of  pneumatically  placed  mortar  is,  "...irrespective 
of  the  type  and  manufacture  of  the  mixing  and  placing 
apparatus."  The  "General  Description"  and  "Recommended 
Practice"  portions,  however  refer  to  the  dry  mix  process 
specifically.  It  lists  advantages  and  disadvantages  and 
some  of  the  physical  properties  of  shotcrete  in  general, 
relative  terms. 
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In  I960,  reports  from  the  A.C.I.  Committee  201 
Symposium  on  Restoration  of  Deteriorated  Concrete  discussed 
the  pneumatic  method.  Tuthill  (6)  advocates  caution  in  the 
use  of  the  pneumatic  method  because  he  considers  shotcrete 
to  have  high  shrinkage  and  high  permeability  characteristics. 
Kulberg  (7)  cites  examples  where  the  pneumatic  method  has 
been  used  extensively  for  long  periods  of  time  with 
’’generally  good  success”.  Felt  (&)  tested  concrete  to 
concrete  bond  by  means  of  a  shear  test,  using  shotcrete  as 
one  method  of  application.  He  gives  a  specific  outline  of 
his  testing  procedure  and  test  results  but  does  not  describe 
the  gunning  equipment  or  shooting  procedure  used. 


PURPOSE  OF  THIS  STUDY 


The  purpose  of  this  study  was  to  determine  some  of 
the  physical  properties  of  pneumatically  placed  concrete 
in  order  to  obtain  data  which  would  be  useful  in  shotcrete 
design  and  construction.  There  are  many  physical 
characteristics  of  shotcrete  which  have  a  bearing  on  its 
function  as  an  engineering  material,  such  as  durability, 
permeability,  shrinkage,  elastic  and  thermal  properties, 
and  compressive  strength,  tensile  strength,  flexural  strength, 
shear  strength  and  reinforcing  steel  bond  strength.  This 
study  was  of  necessity  limited  to  the  investigation  of  only 
certain  of  the  properties. 
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The  main  objectives  of  this  study  were  to  investigate 
the  compressive,  flexural,  concrete  to  concrete  bond  and 
reinforcing  steel  bond  strength  characteristics  for  shotcrete, 
and  how  these  properties  are  affected  by  variations  in  the 
water-cement  ratio,  the  aggregate -cement  ratio  with  uniform 
consistency,  and  the  aggregate  gradation.  A  Gun-All  machine 
was  used  because  with  it,  the  amount  of  water  in  each  mix 
could  be  controlled.  Secondary  objectives  were  to 
investigate  linear  expansion  under  continuous  moist  curing 
conditions  and  to  obtain  a  limited  comparison  between  the 
Gun-All  strengths  and  those  of  one  Gunite  mix. 

Compressive,  flexural,  and  steel  bond  strength 
characteristics  were  chosen  for  study  because  of  their 
significance  in  structural  shotcrete.  Concrete  to  concrete 
bond  was  investigated  because  of  its  significance  where 
shotcrete  is  applied  to  old  concrete  surfaces  for  restoration. 
Linear  expansion  under  continuous  moist  conditions  was 
studied,  because  of  its  possible  effect  on  structures  such  as 
swimming  pools  and  water  reservoirs,  both  of  which  are 
frequently  fabricated  using  a  shotcrete  process. 
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CHAPTER  II 


DESCRIPTION  OF  SHOTCRETE  EQUIPMENT  AMD  ITS  OPERATION 


Gunite  equipment,  which  utilizes  the  dry  mix 
process,  has  been  in  use  for  a  number  of  years,  while 
the  Gun-All  Machine  with  its  wet  mix  process  is  a  more 
recent  development.  Descriptions  of  these  two  types 
of  equipment  which  were  used  in  this  program  are  outlined 
below. 


DESCRIPTION  OF  GUN- ALL  MACHINE 

The  operating  principle  of  the  Gun-All  Machine 
used  in  this  testing  program  is  illustrated  in  FIGURE  1. 

% 

The  figure  shows  one  of  the  two  pressurized  mixing  chambers 
which  are  alternately  loaded  and  shot,  providing  a  continuous 
operation.  During  the  shooting  operation,  the  rotation  of 
the  mixing  paddles  and  the  chamber  air  pressure  force  the 
material  into  the  sump  at  the  bottom  in  intermittent  slugs 
which  are  carried  through  the  material  hose  by  the  large 
volume  of  “bottom”  air  introduced  at  the  sump .  The  inter¬ 
mittent  slugs  disperse  in  the  material  hose  and  at  the 

ry 
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FIGURE  NO.  I  ILLUSTRATION  SHOWING  OPERATING  PRINCIPLE 

OF  GUN-ALL  MACHINE 


nozzle  where  additional  air  is  introduced  to  increase 
the  exit  velocity,  the  resulting  spray  from  the  nozzle  is 
fairly  uniform. 

The  manufacturers  rated  capacity  for  a  Model  D-2 
Gun-All  Machine  is  A  cu  yds  in  place  per  hour.  The  air 
requirements  are  generally  from  125  cfm  to  175  cfm,  with 
operating  pressures  from  50  psi  to  90  psi.  Aggregates 
up  to  3/8  in.  may  be  used. 

The  equipment  components  used  in  this  program  in¬ 
cluded  a  125  cfm  rotary  air  compressor,  75  ft  of  1-1 /4  in. 
inside  diameter  material  hose,  and  a  rubber  lined  3/4  in. 
inside  diameter  nozzle.  The  machine  used  in  this 
program  is  shown  in  FIGURES  2  and  3» 


DESCRIPTION  OF  GUNITE  MACHINE 


FIGURE  4  shows  the  operating  principle  of  the 
Model  N-l  Gunite  Machine  which  was  used  in  this  program. 

Dry  pre-mixed  cement  and  aggregates  (3/8  in.  maximum 
size)  are  loaded  into  the  upper  chamber,  and  through  the 
use  of  gates  and  valves  a  continuous  supply  is  maintained 
in  the  lower  chamber  under  constant  pressure.  A  variable 
speed  motor  drives  the  feed  wheel  which  delivers  the  material 
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PREMIXED  CEMENT  6  SAND 


FIGURE  NO.  &  ILLUSTRATION  SHOWING  OPERATING 

PRINCIPLE  OF  GUNITE  MACHINE 


to  the  material  hose  where  it  is  carried  along  in  the 
air  stream.  Water  is  added  to  the  mix  by  means  of  a 
separate  hose  attached  to  the  nozzle  where  a  radial 
spray  wets  the  mix  as  it  flows  by. 

Equipment  components  used  in  this  testing  program 
included  two  125  cfm  rotary  air  compressors,  125  ft  of 
1-1 //+  in.  inside  diameter  material  hose  and  a  3/4  in.  nozzl 

GENERAL  PROCEDURE  FOR  PLACING  SHOTCRETE  MATERIAL 


The  operation  of  shooting  or  placing  shotcrete 
material  is  similar  for  both  the  Gun-All  and  Gunite 
processes.  For  the  best  results,  the  spray  from  the 
nozzle  should  hit  the  work  as  nearly  as  possible  at  right 
angles  with  the  nozzle  held  from  1-1 /2  ft  to  3  ft  from  the 
work.  The  nozzle  should  be  moved  with  a  continuous  to-ana 
fro  or  circular  motion  to  insure  uniform  placement  of 
material . 

The  material  which  bounces  back  from  the  working 
surface,  referred  to  as  "rebound",  consists  mostly  of 
aggregate,  especially  the  larger  particles  of  aggregate. 
Care  must  be  taken  to  prevent  rebound  from  being  trapped 
in  the  work  since  it  may  cause  localized  weak  areas. 
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The  consistency  of  shotcrete  is  critical  because 
if  it  is  too  dry  there  will  be  excessive  rebound,  and 
if  too  wet  it  will  slump  down  a  vertical  surface.  Wall 
thicknesses  up  to  6  inches  may  be  built  up  in  one  pass 
and  successive  layers  may  be  added  after  the  material 
has  attained  its  initial  set. 

The  high  velocity  of  the  jet  from  the  nozzle  results 
in  compaction  of  the  material  in  place.  After  placing  it 
should  not  be  vibrated  or  otherwise  disturbed,  but  may  be 
cut  or  scraped  with  a  steel  trowel  or  given  a  wood  float 
finish  to  leave  a  satisfactory  surface. 

FIGURES  5  and  6  show  shooting  operations  on  a 
construction  job,  FIGURE  7  shows  the  appearance  of  a  wood 
float  finish,  and  FIGURE  8  shows  compressive  strength 
cylinders  being  fabricated  on  a  construction  job  site. 
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CHAPTER  III 


OUTLINE  OF  TESTING  PROGRAM 


PROGRAM  OUTLINE 

TALBE  1  shows  the  batch  proportions  for  the 
different  mixes  used.  A  D-2  Gun-All  machine  was  used 
for  the  first  twelve  mixes  which  fall  into  three  series, 
and  an  N-l  Gunite  machine  was  used  for  Mix  No.  13.  In 
Series  I  the  water-cement  ratio  was  varied,  in  Series  II 
the  aggregate -cement  ratio  was  varied  and  in  Series  III 
the  aggregate  gradation  was  varied. 

In  Series  I  of  this  testing  program,  the  water- 
cement  ratio  was  varied  with  progressively  increasing  water 
contents  from  Mix  Nos.  1  to  5 •  Mix  No.  3  was  designed  to 
be  of  a  consistency  which  is  normal  for  regular  shotcrete 
work  while  Mix  Nos.  1  and  2  were  on  the  dry  side  and  Mix 
Nos.  4  and  5  were  on  the  wet  side. 

The  remaining  Gun-All  mixes  (Nos.  6  to  12  inclusive) 
were  all  designed  to  be  of  a  consistency  comparable  to  that 
of  Mix  No.  3.  For  these  mixes,  the  aggregate-cement  ratio 
was  varied  (Series  II),  and  the  aggregate  gradation  was 
varied  (Series  III) .  In  order  to  maintain  uniform 
consistency  it  was  also  necessary  to  adjust  the  water  content 
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which  resulted  in  a  variable  water- cement  ratio.  The  water 
contents  used  for  these  mixes  was  determined  by  visual 
examination  and  by  the  "feel"  of  the  material  in  preliminary 
laboratory  investigations.  Experience  showed  that  if  a 
handful  of  this  "normal"  sho terete  was  squeezed  tightly  in 
the  hand  and  dropped  from  a  height  of  18  ins.  into  a  nan  of 
hand  mixed  material,  it  would  crumble.  This  admittedly 
crude  test  was  used  along  with  visual  appearances  to 
determine  the  water  contents  to  be  used  for  Mix  Nos.  6  to  12. 

The  consistency  tests  for  normal  concrete  (A.S.TJVL. 
Designation  C  143-52,  Slump  of  Portland  Cement,  and 
A-S.T.M.  Designation  C  124-39  Flow  of  Portland  Cement  by 
Use  of  the  Flow  Table)  are  not  adaptable  to  shotcrete 
since  it  is  zero  slump  material  and  in  terras  of  water 
content  usually  less  than  zero  slump.  In  field  work  the 
criterion  for  consistency  is  that  there  must  be  sufficient 
water  to  prevent  excessive  rebound,  but  not  so  much  as  to 
cause  the  material  to  slump  down  from  a  vertical  working 
surface.  FIGURE  5  gives  an  indication  of  the  consistency 
of  a  typical  shotcrete  mix  in  that  there  was  only  a  slight 
indentation  of  the  foot  prints  in  the  freshly  placed 


material . 
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TESTS  CONDUCTED 


TABLE  II  outlines  the  number  of  test  specimens 
which  were  made,  and  the  tests  which  were  conducted. 
Altogether,  approximately  200  test  specimens  were  made 
and  tested  to  failure,  12  linear  change  specimens  were 
made  and  55  densities  were  determined. 

MATERIAL  USED 


The  cement  for  this  testing  program  was  supplied 
by  an  Edmonton  cement  manufacturer,  the  properties  of 
which  are  shown  in  TABLE  III.  All  of  the  cement  used  in 
this  testing  program  came  from  the  same  shipment  which  was 
freshly  manufactured,  and  delivered  directly  from  the 
plant . 


The  aggregates  used  consisted  of  natural  sand  and 
crushed  river  gravel,  and  are  more  or  less  typical  of  the 
aggregates  found  in  the  Edmonton  area.  TABLE  IV  shows 
the  properties  of  the  aggregates  and  FIGURE  9  the  gradation 
of  the  various  aggregate  mixes  used.  A  total  of  8,640 
pounds  of  aggregates  were  weighed,  bagged,  and  shot  to  make 
the  test  samples. 
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PROGRAM  LAYOUT  -  TESTS  CONDUCTED 
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TABLE  III 


►  ... 


PROPERTIES  OF  TYPE  I  PORTLAND  CEMENT  * 

Physical  Properties 

Setting  Times:  Initial,  2  hr .  30  min,  Final,  A  hr .  20  min. 
Fineness,  No.  200  Sieve,  97.4%  (passing) 

Autoclave  Expansion,  0.22% 

Compressive  Strength,  psi  2710,  3530,  5300. 

Strength  tests  at  3,  7,  and  2$  days. 

p 

jf  325  Sieve  -  94.4%  passing:  Fineness  -  Blaine  (CM  -gm) 
3210 

Normal  Consistency  -  24*5% 


Chemical  Tests 


Silica  (SiO^) . 

Alumina  (AI2O3) . 

Iron  Oxide  (Fe203) . 

Calcium  Oxide  (CaO),  Total 
Calcium  Oxide  (CaO),  Free. 

Miagnesium  Oxide  (MgO) . 

Sulphur  Trioxide  ( SO3 ) . *  - . 

Loss  on  Ignition . 

Insoluble  Residue . 


.  21.69$ 

LR  =  2.23 

.  4.61$ 

SR  -  3.14 

.  2.29 $ 

AR  =  2.03 

.  63.7'$ 

c^af  =  6.9 

.  1.26% 

C3A  -  s.3 

.  3.78$ 

C,.S  -51.5 

.  1.70$ 

C2S  =22.7 

.  1.66% 

.  0.13$ 

CaSO,  =2.9 

*  -  Results  of  Analysis  Conducted  by  Canada  Cement  Company 
Limited,  Edmonton 
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PROPERTIES  OF  AGGREGATES  USED 

PROPERTY  SAND  GRAVEL 

Gradation 

%  Retained  3/S  in.  0  0 


No. 

4 

0 

71.6 

No. 

8 

3.6 

25.9 

No  . 

16 

2.0 

0.9 

No. 

30 

36.6 

0.0 

No. 

50 

45.2 

.5 

No. 

100 

5.5 

\ 

•  Lj. 

Fineness  Modulus 

2.29 

5.64 

Coal  Content 

Nil 

Nil 

Shape 

Rounded 

Angular 

Percent  Crush 

95 

Organic  Color  No. 

3 

TABLE 

V 

PROPERTIES  OF 

REINFORCING 

STEEL  USED 

No.  4 

Bars 

No  .  6  Bars 

Nominal  Diameter 

2 

in . 

3/4  in. 

Yield  Point 

50,000 

psi 

50,000  psi 

Deformations 

Spacing 

0.32 

in . 

0.52  in. 

Width 

0.10 

in . 

0.10  in. 

Heigth 

0.04 

in. 

0.06  in. 

PERCENT  FINER  THAN 


> 


SIEVE  SIZES 


FIGURE  NO.  9  GRADATION  OF  VARIOUS  AGGREGATE 


MIXES  USED 


The  mixing  water  used  was  taken  from  the  City  of 


Edmonton  water  mains. 


TABLE  V  shows  the  properties  of  the  reinforcing 


steel  bars  which  were  used. 


CHAPTER  IV 


FABRICATION  OF  TEST  SPECIMENS 

GENERAL  CONSIDERATIONS 

From  a  literature  search  it  was  evident  that  there 
was  little  precedence  to  go  on  for  the  fabrication  of  the 
shotcrete  test  specimens.  The  standard  methods  used  for 
normal  concrete  involving  enclosed  forms  are  not  adaptable 
to  shotcrete  since  the  air  blast  and  rebound  must  freely 
escape  from  the  work.  To  meet  this  requirement,  open  mesh 
molds  and  one  sided  forms  were  used  for  the  fabrication  of 
all  of  the  specimens  in  this  program. 

MOLDS  AND  FORMS  USED  FOR  FABRICATING-  TEST  SPECIMENS 

The  A.C.I.  (1)  outlines  a  procedure  for  making 
6  in.  by  12  in.  cylinders,  which  is  quoted  as  follows: 
’’Test  cylinders  should  be  made  by  shooting  shotcrete  into 
a  mold  of  hardware  cloth  (3/4  in.  metal  mesh)  to  make 
cylinders  6  in.  in  diameter  and  12  in.  long.  The  excess 


. 


material  outside  the  mold  is  trimmed  off  with  a  sharp 
edged  trowel.  The  open  mesh  mold  is  used  to  permit  the 
escape  of  air  and  rebound  during  placement  and  provides  a 
cylindrical  guide  to  trim  to.  About  24  hours  after  making 
the  cylinders,  the  hardware  cloth  form  should  be  removed 
and  the  cylinders  stored  under  moist  curing  conditions  at 
approximately  70°  F  until  tested  under  A.S.T.M.  Designation 
C  39-42.”  This  method  was  used  for  the  cylinders  in  this 
testing  program,  as  shown  in  FIGURE  10. 

The  procedure  used  for  the  6  in.  by  12  in.  cylinder 
served  as  a  guide  for  fabricating  the  steel  bond  specimens 
and  the  concrete  to  concrete  bond  specimens,  as  shown  in. 
FIGURES  10  and  11. 

For  the  steel  bond  tests,  an  adaptation  of  the 
standard  test  as  outlined  by  A.S.T.M*  Designation  C  234-54 
was  used.  In  this  A.S.T.M.  test,  reinforcing  bars  with  a 
nominal  diameter  of  3/4  in.  are  cast  in  9  in.  cubes  of 
concrete.  For  Mix  Nos.  1  to  6,  1./2  in.  diameter  bars 

were  used  in  6  in.  cubes  of  sho terete.  These  two 
combinations  have  an  equivalent  ratio  of  the  surface  area 
of  the  embedded  steel  divided  by  the  cross-sectional  area 
of  the  steel  bar.  Six  in.  cubes  were  used  rather  than  the 
standard  9  in.  cubes  because  shotcrete  is  generally  applied 
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NOZZLE 


MOLD  FOR  6mx  12*  CYLINDER 


END  VIEW 


side  v:sw 


MOLD  FOR  STEEL  DOND  SPECIMEN 


FIGURE  NO.  IO  MOLDS  FOR  G"  X  12"  CVLirr  ~RS 

AND  STEEL  DOL’D  SPECIMENS 


NOZZLE 


9  ,0 
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MOLD  FOR  CONCRETE  TO  CONCRETE  BOND  SPECIMEN  (COMPOSITE  BEAM) 


TO? 

MADE 


FORM  FOR  4”  X  4"  BEAM 


FIGURE  NO- If  MOLDS  FOR  COMPOSITE  AMD 
MONOLITHIC  DEAMS 
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in  relatively  thin  sections,  and  this  smaller  size  was 
considered  to  be  more  representative  of  shotcrete.  When 
the  steel  bond  specimens  for  Mix  Nos.  1  to  6  were  tested, 
it  was  found  in  the  majority  of  cases  that  the  No.  4 
reinforcing  bars  yielded  and  therefore,  in  Mix  Nos.  7  to 
12,  No.  6  bars  were  used  instead  of  No.  4  bars. 

As  shown  in  FIGURE  10,  the  steel  bond  test  specimens 
were  made  with  an  expanded  metal  mesh  cage,  6  in.  by  6  in. 
by  6  in.  The  reinforcing  bar,  which  passed  through  the 
centre  of  the  cube,  was  supported  on  wooden  blocks  and 
fastened  for  rigidity. 

The  concrete  to  concrete  bond  specimens  consisted 
of  composite  4  in.  by  4  in.  by  16  in.  beams,  as  shown  in 
FIGURE  11.  The  uold.  concrete’1  portions  of  the  beams 
{&  in.  long)  were  made  the  same  way  as  the  flexural  strength 
beams,  described  below,  one  month  before  the  first  series  of 
specimens  were  shot.  A  rich  mix  was  used  in  the  T,old  concrete” 
to  ensure  that  failure  would  occur  in  the  "shot  concrete" 
portion  of  the  beams.  The  ends  were  trimmed  by  scraping 
with  a  trowel  edge,  leaving  a  rough  textured  surface. 

The  specimens  were  cured  under  moist  burlap  until  the  time 
the  other  half  of  each  beam  was  shot.  Approximately  10 
minutes  before  shooting,  the  "old  concrete"  pieces  were 
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moistened  to  minimize  the  absorption  of  water  from  the 
new  concrete  . 

The  4  in.  by  4  in.  flexural  beams  were  made  using 
wooden  forms  on  the  bottom  and  one  side  as  shown  in 
FIGURE  11.  The  forms  were  soaked  with  water  for  one  day 
before  shooting  the  specimens.  After  shooting,  the 
excess  material  was  trimmed  from  the  top  and  one  remaining 
side . 


Using  Mix  No.  10,  thirty-five  4  in.  cubes  were 
made  for  compressive  strength  testing  at  various  ages. 

A  4  in.  by  4  in.  beam  approximately  20  ft  long  was  shot 
using  forms  similar  to  that  previously  described  for 
flexural  beams.  Using  one  chamber  of  mix,  the  beam  was 
shot  progressively  from  one  end  to  the  other.  After 
shooting,  the  excess  material  was  trimmed  and  the  beam  was 
cut  into  eight  2-1./2  ft  lengths,  which  were  numbered  from 
1  to  8.  These  beams  were  sawn  into  4  in.  lengths  to  make 
the  4  in.  cubes  which  were  then  cured  and  tested  for 
compressive  strength  at  various  ages. 

The  linear  change  test  specimens,  beams  4  in.  by 
4  in.  by  IS  in.,  were  shot  and  trimmed  in  the  same  manner 
as  the  flexural  beams.  After  the  concrete  had  reached  its 
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initial  set,  two  sets  of  gage  points  were  attached  to  the 
top  of  the  beams  without  disturbing  them  in  their  original 
position . 


FABRICATION  OF  TEST  SPECIMENS 


All  of  the  test  specimens  were  made  at  the  warehouse 
of  the  Edmonton  firm  which  supplied  the  shooting  equipment, 
operators,  and  other  facilities  required.  Six  cu  yds  of 
sand  and  one  cu  yd  of  3/8  in.  crush  aggregate  were  stock¬ 
piled  in  the  yard  near  the  warehouse.  The  aggregates  for 
each  of  the  Gun-All  mixes  were  weighed  in  bags,  tagged  and 
covered  with  polythene  until  they  were  used.  In  the 
morning  before  shooting  the  samples,  the  moisture  content 
of  the  bagged  aggregates  was  checked,  and  the  quantities  of 
additional  mixing  water  adjusted  accordingly.  Molds  and 
forms  were  made  up  for  six  mixes,  and  set  up  as  shown  in 
FIGURE  12.  The  water  meter  on  the  Gun-All  machine  was 
calibrated  to  ensure  accurate  determination  of  mixing  water 

auantities . 

. 

The  crew  which  shot  all  of  the  test  specimens 
consisted  of  a  nozzleman  who  had  had  ten  years  experience 
with  shotcrete,  an  experienced  equipment  operator,  and  one 
man  loading  the  machine. 
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FORM  SETUP  FOR  ONE  MIX 


pL£N  VIEW  OF  OVER-ALL  SETUP  FOR  SHOOTING  SAMPLES 


FIGURE  NO.  12.  SETUP  FOR  SHOOTING  TEST  SPECIMENS 


. 


Just  prior  to  shooting  the  specimens,  one  chamber 
i all  of  material  was  mixed,  shot  and  wasted,  to  wet  the 
inside  of  the  mixing  chamber  and  material  hose,  and  also  to 
provide  an  opportunity  to  adjust  the  air  regulators.  Two 
or  three  chambers  full  of  material  were  required  for  each 
mix,  but  to  eliminate  one  possible  variable,  only  one  of 
the  two  mixing  chambers  was  used. 

On  July  11,  1961,  Mix  Nos.  1,  2,  3  and  4  were  shot, 
and  on  July  12,  Mix  Nos.  5  and  6  were  shot.  Because  of  the 
amount  of  specimen  preparation  and  testing  required,  the 
remaining  six  Gun-All  mixes  were  not  shot  until  after  the 
2$  day  tests  were  conducted  on  the  first  six  mixes.  Mix 
Nos.  7  to  12  were  shot  on  August  14,  1961  using  the  same 
procedures  as  for  the  first  six  mixes. 


VISUAL  OBSERVATIONS  MADE  AT  THE  TIME  OF  SHOOTING 


The  following  is  a  summary  of  the  visual  observations 
made  at  the  time  each  mix  was  shot. 

Mix  No.  1  was  excessively  dry  with  very  excessive 
rebound.  It  was  estimated  there  would  be  at  least  $0% 
rebound  if  this  material  were  shot  on  a  wall.  The  material 


flowed  unevenly  from  the  nozzle  with  a  variable  velocity. 

It  seemed  that  there  was  some  trapped  rebound  in  the 
specimens.  In  summary,  the  mix  was  too  dry  for  a  good 
operation.  Three  chambers  full  of  mix  were  necessary  to 
shoot  all  of  the  specimens  (2  chambers  full  were  sufficient 
for  each  of  the  remaining  mixes) . 

Mix  No.  2  produced  considerable  rebound,  which  was 
estimated  to  be  3 0$  to  4  0%  if  this  mix  were  shot  on  a  wall. 
The  mix  was  still  too  dry  for  good  operation. 

Mix  No.  3  appeared  to  be  near  what  might  be  called 
an  "average”  consistency  for  shotcrete.  The  material 
came  out  of  the  nozzle  fairly  uniformly  and  it  was  estimated 
there  would  be  about  10 °J0  rebound  if  this  mix  were  shot  on  a 
wall.  The  material  could  be  steel  trowelled  widh  some 
difficulty. 

Mix  No.  4  appeared  to  be  slightly  too  wet  for 
shooting  on  walls  but  approximately  of  the  consistency 
that  would  be  used  in  shooting  a  floor.  The  material  flowed 
from  the  nozzle  quite  evenly . 
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Mix  Wo.  5  appeared  to  be  too  wet  for  normal  Gun-All 
operation.  The  flow  from  the  nozzle  was  quite  uniform  and 
a  fog  of  water  was  also  apparent  coming  from  the  nozzle 
along  with  the  mix  material. 

Mix  No.  6  appeared  to  be  of  a  consistency  similar 
to  that  of  Mix  No.  3  and  the  material  flowed  evenly  from 
the  nozzle. 

Mix  No.  7  inadvertently  was  batched  with  more  mixing 
water  than  was  planned,  thus  for  the  second  chamber  full,  an 
equivalent  amount  of  water  was  used.  It  was  impossible  to 
re-shoot  Mix  No.  7  because  the  time  was  not  available.  The 
material  from  Mix  No.  7  appeared  to  be  slightly  wetter  than 
Mix  No.  3  and  the  material  flowed  evenly  from  the  nozzle. 

Mix  No.  8  appeared  to  be  of  a  consistency  similar  to 
that  of  Mix  No.  3,  however,  the  material  flowed  a  little 
less  evenly  through  the  nozzle. 

Mix  Nos.  9  to  12  each  appeared  to  be  of  a  consistency 
similar  to  that  of  Mix  No.  3.  The  flow  from  the  nozzle  was  good  but 
slightly  intermittent.  Mix  Nos.  9  to  12  contained  progres¬ 
sively  more  3/3  in.  crush  aggregate,  and  increasing  amounts 


of  this  coarser  aggregate  caused  greater  percentages  of 
rebound,  estimated  to  be  from  1  Qffo  to  3 0%, 

FABRICATION  OF  GUNITE  SPECIMENS  (HEX  NO.  13) 

The  molds  and  forms  used  to  obtain  the  Gunite  test 
specimens  were  the  same  as  those  used  for  the  Gun-All 
specimens  as  previously  described.  The  sand  and  cement 
were  volume  batched  at  a  4:1  ratio  and  sufficient  mixing 
water  was  added  at  the  nozzle  to  produce  a  consistency 
similar  to  that  of  Mix  No.  3,  as  nearly  as  the  nozzle 
operator  could  judge. 

The  Gunite  specimens  were  shot  on  August  16,  1961, 
and  were  cured  and  tested  in  the  same  manner  as  the  Gun-All 
specimens . 

TRIMMING  AND  CURING  THE  TEST  SPECIMENS 

Between  l/2  hour  and  2  hours  after  the  test  specimens 
were  shot  the  excess  material  was  trimmed  from  the  outside  of 
the  expanded  metal  mesh  forms,  and  the  beams  were  trimmed  to 
the  proper  dimensions.  The  specimens  were  cured  under  moist 
burlao  in  their  original  position  ior  the  first  24  hours. 
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FIGURES  13  and  14  show  the  test  samples  for  Mix  Nos.  7  to 
12  in  their  original  position. 

When  the  specimens  were  24  hours  old,  the  expanded 
metal  mesh  forms  were  removed  and  the  specimens  were  moved 
from  warehouse  to  the  concrete  moist  room  at  the  Civil 
Engineering  Building,  University  of  Alberta,  where  they 
were  cured  under  moist  conditions  until  the  time  of 
testing.  FIGURE  15  shows  the  concrete  to  concrete  bond 
specimens  and  the  6  in.  by  12  in.  cylinders  for  Mix  Nos. 

1  to  7*  FIGURE  16  also  shows  the  flexural  beams,  the 
linear  change  beams,  and  the  steel  bond  specimens.  The 
photos  were  taken  just  before  the  samples  were  moved  to 
the  Civil  Engineering  Building. 
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CHAPTER  V 


METHODS  OF  CONDUCTING  TESTS 


DENSITY  TESTS 


The  densities  of  all  of  the  6  in.  by  12  in. 
cylinders  and  the  4  in.  cubes  from  the  flexural  beams 
for  Mix  Nos.  7  to  13  were  determined.  The  densities 
of  these  specimens  were  obtained  by  weighing  them  in 
air,  weighing  them  submerged  in  water,  and  then  re¬ 
weighing  in  air  with  corrections  for  absorption  where 
necessary.  A  sample  calculation  is  shown  in  Appendix  A. 


COMPRESSIVE  STRENGTHS  OF  6  in .  by  12  in.  CYLINDERS 

The  compressive  strengths  of  the  6  in.  by  12  in. 
cylinders  were  determined  in  accordance  with  A.S.T.M. 
Designation:  C  39-49.  They  were  capped  with  sulphur  and 
tested  in  a  hydraulic  testing  machine  which  applied  the 
load  at  a  constant  rate  of  50  psi  per  sec. 
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FLEXURAL  STRENGTH  TESTS 


Flexural-strength  tests  were  conducted  in  accordance 
with  A.S.T..M.  Designation:  C  78-49  for  third  point  loading 
on  4  in.  by  4  in .  beams  over  a  12  in.  span  length.  Sample 
calculations  for  the  determination  of  the  modulus  of  rupture 
are  shown  in  Appendix  A. 


CONCRETE  TO  CONCRETE  BOND  TESTS 


The  concrete  to  concrete  bond  tests  were  conducted  on 
composite  beams  which  were  broken  in  flexure  in  the  same 
manner  as  the  monolithic  flexural  beams.  Where  the  concrete 
surfaces  were  rough  at  the  point  of  contact  with  the  loading 
blocks,  they  were  capped  with  sulphur.  The  joint  between 
the  old  concrete  and  the  new  was  placed  at  mid-span.  The 
modulus  of  rupture  was  determined  as  in  the  flexural- 
strength  tests. 

COlVJPRBSSIVE  STRENGTH  OF  4  in .  CUBES 

Four  inch  cubes  were  cut  from  the  various  beams  and 
tested  in  compression,  the  sawn  faces  were  capped  with 
sulphur  and  used  as  the  bearing  surfaces.  They  were  tested 
in  a  hydraulic  testing  machine  at  a  rate  of  loading  of  50 


psi  per  sec. 
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REINFORCING  STEEL  BOND  TESTS 

The  steel  bond  tests  consisted  of  pull-out  tests 
of  reinforcing  bars  embedded  in  6  in.  cubes  of  shotcrete. 
The  shotcrete  surfaces  which  were  to  come  into  contact 
with  the  bearing  block  of  the  testing  machine  were  capped 
with  sulphur  to  provide  smooth  flat  surfaces  perpendicular 
to  the  protruding  reinforcing  bars.  The  specimens  were 
mounted  in  a  hydraulic  testing  machine  in  such  a  way  that 
the  long  ends  of  the  reinforcing  bars  extended  downwards 
through  the  one  inch  diameter  hole  bearing  block  of  the 
testing  machine.  The  bottom  ends  of  the  reinforcing  bars 
were  gripped  for  tension  by  the  jaws  of  the  testing  machine 
The  load  was  applied  at  the  rate  of  5,000  lbs  per  min. 

Slip  at  the  free  end  of  the  reinforcing  bars  was  measured 
by  means  of  a  0.001  inch  dial  gage,  attached  directly  to 
the  free  end  of  the  reinforcing  steel  with  the  stem  of  the 
gage  in  contact  with  the  top  of  the  shotcrete. 

LINEAR  CHANGE  MEASUREMENTS 


The  linear  change  test  specimens  consisted  of  A  in. 
by  4  in.  by  l6  in.  beams  with  two  sets  of  gage  points 
attached  to  the  top  surface  of  the  beams.  Readings  were 
taken  with  a  ,fDemecn  gage  which  is  a  linear  mechanical 
exten some ter . 
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Initial  readings  were  taken  as  soon  as  possible 
after  the  installation  of  the  gage  points,  usually  from  1-1 
to  5  hours  after ^the  concrete  was  shot.  Subsequent  readings 
were  taken  several  hours  later  to  check  for  any  loose  gage 
points  and  also  for  any  movements  due  to  the  concrete 
having  had  insufficient  time  to  attain  final  set. 

At  the  time  of  the  initial  reading,  the  concrete 
temperature  was  determined  by  embedding  a  thermometer  in 
the  material  which  was  trimmed  from  the  beams.  The 
temperatures  taken  with  all  subsequent  Demec  Gage  readings 
were  obtained  by  embedding  a  thermometer  in  some  aggregate 
which  was  stored  near  the  specimens. 


CHAPTER  VI 


TEST  RESULTS  AND  ANALYSIS 

INCREASE  OF  COMPRESSIVE  STRENGTH  WITH  TIME 

TABLE  VI  shows  the  compressive  strengths  of  the 
4  in.  cubes  which  were  broken  at  various  ages.  In  addition 
to  the  strength-time  relationship  for  these  cubes,  an 
attempt  was  made  to  determine  any  variation  in  the  strength 
of  the  material  from  the  beginning  of  one  batch  to  the  end 
of  it.  The  20  ft  long  beam  from  which  the  cubes  were 
obtained  was  shot  progressively  from  one  end  to  the  other, 
from  one  batch  of  material.  When  this  was  cut  into  2-1/2  ft 
lengths,  the  pieces  were  numbered  from  1  to  8.  The  three 
cubes  broken  on  any  particular  day  were  taken  from  various 
places  along  the  beam.  The  results  show  that  there  were  no 
particular  differences  in  strengths  of  the  cubes  from  one 
end  of  the  beam  to  the  other.  This  indicates  that  the 
material  was  probably  fairly  uniform  from  the  beginning  to 


the  end  of  one  batch. 


TABLE  VI 


COMPRESSIVE  STRENGTHS  VERSUS  TIME 
A  in.  CUBES  -  MIX  NO.  10 

DATE  SHOT  -  AUGUST  14,  1961 


AVERAGE 


DATE 

BROKEN 

AGE 
( days) 

PORTION 
OF  BEAM 

TOTAL 

LOAD 

(lbs) 

COMPRESSIVE 

STRENGTH 

(psi) 

COMPRESSIVE 

STRENGTH 

(psi) 

1961 

Aug.  15 

1.0 

8 

34,200 

2140 

7 

36,200 

2260 

1 

31,000 

1940 

2110 

16 

2.3 

7 

65,000 

4060 

1 

65 , 600 

4100 

7 

62,400 

3900 

4020 

17 

3 

7 

65,000 

4090 

1 

65 , 600 

4930 

7 

76,300 

4760 

4600 

IS 

4 

3 

81,100 

5060 

4 

85,100 

5320 

6 

77,500 

4850 

5080 

21 

7 

2 

87,200 

5450 

3 

90,000 

5630 

5 

80,000 

5000 

5360 

24 

10 

2 

86 , 600 

5410 

4 

75,000 

4690* 

6 

93,000 

5810 

5610 

Aug.  31 

17 

3 

104,300 

6510 

5 

103,000 

6440 

7 

98, 200 

6140 

636O 

Sept.  11 

2$ 

3 

106,500 

6660 

4 

97,000 

6060 

5 

103,600 

6480 

6 

108,800 

6800 

7 

97,500 

6090 

6420 

July  8/63  694 

1 

140,000 

8750 

2 

141,000 

7560 

3 

117,000 

7320 

4 

130,000 

8130 

5 

134,000 

8370 

6 

129,000 

8060 

8 

140,000 

8750 

8 

137,000 

8560 

8 

131,000 

8180 

8190 

' 
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FIGURE  1?  shows  the  plot  of  compressive  strength 
versus  age  for  4  in.  cubes  from  Mix  No.  10.  Each  point  on 
the  graph  up  to  the  age  of  17  days,  is  the  average  strength 
of  three  cubes,  the  28  day  point  is  the  average  of  five 
cubes,  and  the  694  day  point  is  the  average  of  nine  cubes. 
Expressed  in  terms  of  the  28  day  strength,  the  24  hour 
strength  was  33%,  the  7  day  strength  was  84%  and  the  694  day 
strength  was  128%. 


STATISTICAL  ANALYSIS  OF  COMPRESSIVE  STRENGTHS  OF  4  in.  CUBES 


The  compressive-strength  results  of  the  nine  694  day 
cubes  were  analysed  using  A.C.I*  methods  (9),  the  calculations 
and  results  of  which  are  shown  in  TABLE  VII.  The  coefficient 
of  variation  using  the  factor  (n)  was  5.7%,  however,  since 
the  number  of  samples  was  small  (only  9)  the  coefficient  of 
variation  was  also  calculated  using  the  factor  (n  -  1)  in 
place  of  (n).  Using  this  method,  the  coefficient  of  variation 
becomes  6.0%.  This  analysis  of  nine  cube  strengths  from  one 
batch  mix  of  shotcrete,  of  course,  is  not  adequate  to 
establish  generally  the  within-test  variation  for  shotcrete, 
however,  it  does  show  the  trend  for  this  particular  group  of 


nine  cubes. 
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TABLE  VII 


STATISTICAL  ANALYSIS  OF  COMPRESSIVE  STRENGTHS 
OF  4  in.  CUBES  FROM  STRENGTH  VERSUS  AGE  GROUP  (MIX  NO. 


JLOl 


X 

$750 
7560 
7320 
Si  40 
8370 
8060 
$750 
$550 
8180 


X-X 
563 
62  7 
$67 

47 

1$3 

127 

563 

363 

7 


(X-X)2 

316,969 
393 ;129 
751,689 
2,  209 
33,4$9 
16,129 
316,969 
131,769 
49 


X  =  Compressive  Strength  of  Various  Cubes 
n  -  No .  of  Cubes  (9) 

_  <-  y 

X  =  Average  Compressive  Strength  - 
C T  =  Standard  Deviation  (using  n) 
s  =  Standard  Deviation  (using  n-1) 


V  =  Coefficient  of  Varation 
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SUMMARY  OF  THE  VARIOUS  28  DAY  TEST  RESULTS 


The  28  day  test  results  are  summarized  in  TABLES 
VIII,  IX  and  X,  along  with  the  averages  for  each  type  of 
test  for  each  mix. 


COMPARISONS  OF  COMPRESSIVE  STRENGTHS  AND  DENSITIES  OF 
6  in.  by  12  in.  CYLINDERS 


FIGURE  18  shows  the  compressive  strength  and  density 
of  the  6  in.  by  12  in.  cylinders  plotted  against  the  water- 
cement  ratio  for  Series  I,  the  aggregate-cement  ratio  for 
Series  II,  and  the  rock-total  aggregate  ratio  for  Series  III. 

In  Series  I,  the  aggregate  gradation  was  held 
constant,  the  aggregate-cement  ratio  was  held  constant  (38? 
lbs  of  sand  per  sack  of  cement)  and  the  water-cement  ratio 
was  varied  as  shown  in  the  graph.  The  results  indicate 
that  there  is  an  optimum  water  content  at  which  maximum 
compaction  or  density  is  attained,  and  also  the  maximum 
compressive  strength  is  attained  at  this  maximum  density. 

Since  the  void  ratio  is  related  to  the  density,  i t  appears 
that  the  void- cement  ratio  is  a  critical  factor  as  well  as 
the  water-cement  ratio.  The  increase  in  the  water-cemen o  ratio 
beyond  the  optimum  caused  a  decrease  in  strength,  in  accordance 
with  the  general  water-cement  ratio  law. 
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TABLE  VIII 
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TEST  RESULTS  MX  NOS.  1  TO  6  (28  DAY) 

6  in.  by  12  in.  CYLINDERS  MODULUS  OF  RUPTURE 

OF  FLEXURAL  BEAMS 


Mix  No . 

Compressive 

Strength 

psi 

Density 
lb  per 
cu  ft 

Composite 

Beams 

psi 

Monolithic 

Beams 

psi 

Steel 

Bond 

Ultimate 

Stress 

psi 

1 

1080 

122.9 

60 

450 

430 

1260 

122.0 

340 

470 

63O 

40 

490 

720 

1170 

122.5 

150 

470 

593  AVE 

2 

3040 

138.4 

420 

750 

980 

3930 

139.6 

300 

570 

1070 

350 

620 

1060 

3480 

139.0 

~J60 

a 

O 

1037  AVE 

3 

5200 

1 40 . 4 

500 

680 

1470 

5610 

141.7 

480 

640 

1510 

550 

700 

1460 

5400 

141.0 

510 

“670“ 

1480  AVE 

5"  20 

4 

3630  * 

139.3 

580 

410 

1280 

5030 

139.7 

440 

580 

1500 

600 

390 

1380 

5030 

139.5 

540 

475 

1387  AVE 

5 

4880 

141.1 

480 

470 

990 

4260 

139.6 

520 

580 

1060 

330 

1200 

4570 

140.3 

440 

525 

1083  AVE 

6 

7440 

141.9 

500 

360 

1140 

7160 

142.6 

600 

530 

1280 
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In  Series  II,  (FIGURE  1$),  the  consistency  was 
held  constant  and  the  aggregate-cement  ratio  and  water- 
cement  ratio  varied.  Mix  No.  7  was  an  exception  here 
because  the  machine  operator  inadvertently  added  more  water 
than  was  planned  when  loading  the  machine.  The  graph  for 
Series  II  shows  a  decrease  in  compressive  strength  and 
density  with  an  increase  in  the  aggregate-cement  ratio 
with  the  exception  of  Mix  No.  7. 

In  Series  III,  the  consistency  and  aggregate-cement 
ratio  were  held  constant  and  the  proportion  of  3/S  in. 
aggregate  was  varied.  The  compressive  strength  increased 
to  a  maximum  with  a  rock-total  aggregate  ratio  of 
approximately  0.3  and  decreased  slightly  with  increasing- 
amounts  of  rock.  The  density  increased  continuously  with 
increased  rock  content. 

In  summary,  the  graphs  in  FIGURE  IS  generally  show 
the  compressive  strengths  varying  as  the  density  with  the 
exception  of  Series  III  where  increasing  amounts  of  3/8  in. 
aggregate  overrides  this  tendency. 

FIGURES  19  and  20  show  plots  of  compressive  strength 
versus  density  of  individual  cylinders  for  each  01  he  13 
mixes.  Individual  graphs  were  drawn  because  each  mix  has 
different  batch  proportions  and  thus  different  sti ength  and 
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FIGURE  NO-  19  PLOT  OF  28  DAY  COMPRESSIVE  STRENGTH  AGAINST 
DENSITY  FOR  6"  X  12"  CYLINDERS 
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FIGURE  NO.  20  PLOT  OF  28  DAY  COMPRESSIVE  SiRENGTH 
AGAINST  DENSITY  FOR  6"  X  12"  CYLINDERS 


density  characteristics.  It  is  generally  accepted  that 
increasing  the  density  of  a  particular  concrete  mix  will 
increase  the  compressive  strength,  the  void-cement  ratio 
being  a  critical  factor.  The  data  available  from  this 
testing  program  was  insufficient  to  establish  any  definite 
relationships,  however,  it  is  presented  in  this  manner  to 
show  that  there  appears  to  be  a  trend.  In  this  testing 
program,  of  course,  the  densities  of  the  cylinders  in 
each  mix  were  not  varied  intentionally. 

It  is  believed  that  the  variation  in  density  was  a 
major  cause  of  the  variation  in  the  compressive  strength 
of  the  cylinders  in  any  mix.  These  variations  in  density 
could  have  been  caused  by  a  number  of  factors  such  as 
incomplete  mixing  or  segregation,  varying  nozzle  velocity, 
or  variations  in  the  operation  of  the  nozzle. 

It  is  believed  that  a  major  cause  of  variation  in 
densities  lies  in  what  will  be  called  the  "coning  effect". 
This  "coning  effect"  refers  to  the  way  in  which  the 
material  builds  up  in  the  cylinder  when  it  is  shot.  If 
the  nozzle  was  directed  towards  the  centre  of  the  6  in. 
diameter  mold,  the  material  would  tend  to  build  up  in  the 
centre  faster  than  at  the  perimeter,  and  thus  the  cylinder 
would  fill  up  with  a  rising  conical  surface.  The  material 


then,  to  a  large  extent,  would  strike  the  surface  at  an 
angle  substantially  less  than  90  degrees  as  is  necessary 
for  optimum  compaction. 

For  these  test  specimens  the  nozzle  operator  moved 
the  nozzle  with  a  rotary  motion  in  an  attempt  to  decrease 
this  "coning  effect".  Since  the  shooting  time  of  one 
cylinder  was  approximately  ten  seconds,  the  operator  had 
very  little  time  to  control  the  placing  of  the  material. 

The  visibility  of  the  working  surface  inside  the  cylinder 
was  limited  and  the  confined  working  area  restricted  the 
nozzle  movement. 


EFFECT  OF  WATER- CEMENT  RATIO  ON  FLEXURAL  AND  COMPRESSIVE 
STRENGTHS 


FIGURE  21  shows  the  compressive  strengths  and 
moduli  of  rupture  plotted  against  the  water-cement  ratio 
for  Series  I.  The  graph  shows  that  the  flexural  strength 
of  the  monolithic  beams  followed  a  trend  similar  to  the 
compressive  strength  curve,  reaching  a  maximum  at  a  water- 
cement  ratio  of  approximately  0.56  (Mix  No.  3)*  Mix  Nos. 

1  and  2  were  too  dry  for  optimum  compaction  and  thus  their 
strengths  were  lower.  It  is  significant  that  the  maximum 
compressive,  flexural  and  steel  bond  strengths  were  attained 
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with  Mix  No.  3,  which  was  of  a  consistency  meeting  the 
previously  described  criteria  used  in  field  work .  This 
field  criteria  refers  primarily  to  the  consistency  at 
which  shotcrete  can  most  easily  be  placed.  The  test 
results  indicate  that  this  consistency  also  produces  maximum 
strengths . 

TABLE  XI,  shows  that  the  failures  of  the  composite 
beams  for  Mix  Nos.  1,  2,  3  and  5  were  generally  a  short 
distance  from  the  joint.  Thus  the  comparison  of  the  beam 
strengths  on  FIGURE  21  may  not  actually  be  a  true 
comparison  of  concrete  to  concrete  bond.  It  is  evident 
that  for  these  cases  the  flexural  strengths  are  greater 
for  the  beams  which  were  shot  in  a  horizontal  position 
(monolithic  beams)  than  for  the  beams  which  were  shot  in 
a  vertical  position  using  a  metal  mesh  cage. 

The  composite  beams  reached  a  maximum  flexural 
strength  at  a  higher  water-cement  ratio  than  did  the  mono¬ 
lithic  beams.  The  explanation  probably  lies  in  the 
different  fabrication  technique. 
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TABLE  XI 

FLEXURAL  STRENGTH  OF  COMPOSITE  BEAMS .  -  LOCATION  OF  FAILURE 


MIX 

NO. 

MODULUS 

OF  RUPTURE 

psi 

PORTION  OF  BREAK 
RIGHT  AT  JOINT 
%  OF  TOTAL  AREA 

PORTION  OF 
AWAY  FROM 
%  TOTAL  AREA 

BREAK 

JOINT 

DISTANCE 

1 

60 

0 % 

10C$ 

u. 

in .  - 

2  in . 

340 

0 % 

10056 

1 

2 

in .  - 

1-i  in. 

40 

0  fo 

IOO56 

2 

in .  - 

1-2  in. 

2 

420 

0 % 

100$ 

2 

in  . 

300 

056 

100$ 

1 

in  . 

350 

0 % 

100$ 

2 

in . 

3 

500 

056 

IOO56 

2 

in  . 

480 

50/0 

5C rfo 

0 

in .  - 

1/8  in . 

5  50 

0 °jo 

10W/o 

2 

in . 

4 

580 

0 -jo 

10056 

2 

in  .  * 

440 

50fo 

50$ 

0 

in .  - 

1./8  in. 

600 

50$ 

505^ 

0 

in  .  - 

£  in . 

5 

480 

0  % 

100$ 

1 

2 

in .  - 

1  in. 

520 

Of 

100$ 

2" 

in .  - 

£  in. 

330 

6<yfo 

4056 

1/8  in. 

6 

500 

100 1 

0$ 

0 

600 

70fo 

30  $ 

0 

in .  - 

3/4  in. 

680 

0% 

100  $ 

1 

in .  - 

2  in. 

*  Failure  in  "old  Concrete"  Portion  of  Beam 
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EFFECT  OF  AGGREGATE- CEMENT  RATIO  WITH  UNIFORM  CONSISTENCY 
ON  FLEXURAL  AMD  COMPRESSIVE  STRENGTHS 


FIGURE  22  shows  the  compressive  strengths,  moduli 
of  rupture  and  water-cement  ratios  plotted  against  the 
aggregate-cement  ratio  for  Series  II.  For  this  series  of 
tests  the  water-cement  ratio  was  varied  as  well  as  the 
aggregate-cement  ratio,  in  an  attempt  to  hold  the  consistency 
of  the  mixes  constant.  Of  these  two  variables,  the  water- 
cement  ratio  has  the  most  significant  effect  on  the  strengths. 

Mix  No.  7  was  made  with  the  lowest  aggregate-cement 
ratio.  As  previously  discussed,  this  mix  was  accidently 
made  with  more  mixing  water  than  was  planned  for  uniform 
consistency  within  the  Series.  The  fact  that  it  was  wetter 
apparently  did  not  greatly  reduce  the  flexural  strengths  of 
the  monolithic  and  composite  beams  in  relation  to  the  other 
mixes  in  this  series,  however,  the  6  in.  by  12  in.  cylinder 
strength  was  relatively  low.  These  inconsistent  results 
for  Mix  No.  7  may  be  due  to  some  undetected  variation  in 
equipment  operation  or  shooting  technique. 

The  flexural  strengths  of  the  monolithic  beams  for 
Series  II  were  quite  inconsistent,  as  can  be  seen  in  FIGURE  22. 
One  would  expect  these  results  to  show  a  decrease  in  strength 
with  an  increase  in  the  aggregate-cement  ratio  because  oi  the 
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FIGURE  NO.  22  FLEXURAL  AND  COMPRESSIVE  STRENGTHS 


corresponding  increase  in  the  wat er-cernent  ratio.  However, 
the  test  results  by  themselves  are  too  erratic  to 
establish  this  trend.  Mix  No.  6  falls  the  farthest  out  of 
line.  Here  again,  these  large  discrepancies  may  be  due  to 
some  undetected  variation  in  equipment  operation  or 
shooting  technique. 

With  the  exception  of  Mix  No.  7,  the  composite  beam 
flexural  strength  decreases  as  would  be  expected  with  the 
increase  in  aggregate-cement  ratio,  because  of  the 
corresponding  increase  in  the  water-cement  ratio. 


EFFECT  OF  AGGREGATE  GRADATION  ON  STRENGTHS 


For  Series  III  the  total  aggregate-cement  ratio  and 
the  consistency  were  held  constant  while  the  aggregate 
gradation  was  varied.  With  increasing  proportions  of  the 
3/8  in.  crush  aggregate,  the  water-cement  ratio  was 
reduced  to  maintain  a  uniform  consistency. 

FIGURE  23  shows  the  water-cement  ratio,  the  compressive 
strengths  of  the  6  in.  by  12  in.  cylinders  and  the  flexural 
strengths  of  the  monolithic  and  composite  beams  plotted 
against  the  3/8  in.  crush  aggregate-total  aggregate  ratio. 
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FIGURE  NO.  23  FLEXURALj  AND  .  j :  COMPRESSIVE  STRENGTHS 
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Each  point  shown  on  the  strength  curves  is  the  average 
value  of  three  test  specimens.  The  results  for  this 
series  all  fell  on  smooth  curves  with  maximum  strengths 
at  a  3 in.  crush  aggregate-total  aggregate  ratio  of 
approximately  0. 3.  The  decreasing  water-cement  ratio 
would  tend  to  cause  a  corresponding  increase  in  strength 
but  apparently  the  factor  which  overrides  this  tendency 
in  Mix  Nos.  11  and  12  is  that  the  higher  proportions  of 
3/3  in.  material  in  the  mixes  made  them  too  harsh  for 
optimum  compaction  and  optimum  strength. 

For  Mix  No.  12,  the  composite  beam  strength- 
dropped  correspondingly  more  than  the  monolithic  beam 
strength  and  the  cylinder  strength.  This  indicates  that 
excessive  amounts  of  coarser  aggregate  reduced  the  concrete 
to  concrete  bond  to  a  larger  degree  than  it  reduced  the 
flexural  and  compressive  strengths. 

COMPRESSIVE  STRENGTH  OF  4  in.  CUBES  COMPARED  WITH 
COMPRESSIVE  STRENGTHS  OF  6  in .  by  12  in.  CYLINDERS 

FIGURE  24  shows  the  compressive  strengths  of  4  in. 
cubes  cut  from  the  monolithic  beams  and  the  composite  beams 
plotted  against  the  corresponding  compressive  strengths  of 
6  in.  by  12  in.  cylinders.  Each  point  plotted  was  the 
average  of  three  test  specimens.  Separate  points  were  used 
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for  the  cubes  obtained  from  the  composite  beams  and  from 
the  monolithic  beams.  The  best  fitting  straight  line  was 
drawn  by  eye  through  these  points  to  zero. 

For  Mix  Nos.  S,  10,  11  and  12,  the  cubes  from 
the  monolithic  beams  gave  higher  strengths  than  the  cubes 
from  the  composite  beams,  while  for  Mix  Nos.  7,  9  and  13, 
the  cubes  from  the  composite  beams  gave  the  higher 
strengths.  From  this  it  appears  that  there  is  no  trend 
as  to  which  method  of  shooting  the  cubes  gives  higher  cube 
strengths.  Apparently  there  was  no  "coning  effect"  for 
the  composite  beams,  possibly  because  the  spray  from  the 
nozzle  was  almost  as  large  as  the  4  in.  mold. 

The  slope  of  the  line  in  FIGURE  24  shows  the  ratio 
of  the  4  in.  cube  strengths  to  the  6  in.  by  12  in.  cylinder 
strengths  to  be  1.6.  There  are  several  reasons  for  the  4 
in.  cubes  giving  higher  compressive  strengths  than  the 
6  in.  by  12  in.  cylinders.  The  first  factor  is  the  shape 
of  the  specimens.  Cylinders  with  length-diameter  ratio 
of  1:1  have  compressive  strengths  about  1 8fo  greater  than 
the  standard  cylinder  with  a  length-diameter  ratio  of  2:1, 
and  this  factor  of  1.13  is  roughly  applicable  to  cubes  (10). 
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The  second  factor  is  that  of  size  of  compression  specimen. 
It  has  been  shown  that  2  in .  by  4  in .  cylinders  have 
strengths  9%  greater  than  6  in.  by  12  in.  cylinders,  and 
also  3  in.  by  6  in.  cylinders  have  strengths  6%  greater 
than  6  in.  by  12  in.  cylinders  (11) .  From  this  it  appears 
that  the  size  factor  (for  4  in.  cubes)  would  cause  a 
strength  increase  of  6%  to  8%  over  that  of  the  6  in.  by 
12  in.  cylinders.  From  these  considerations,  it  appears 
that  the  combined  effects  of  the  size  and  shape  factors 
is  that  the  4  in.  cube  strengths  should  be  in  the  order 
of  25%  greater  than  the  6  in.  by  12  in.  cylinder  strengths, 
however,  in  this  testing  program,  the  cube  strengths  were 
60 °%  greater.  The  difference  may  be  due  to  some  difference 
in  the  quality  of  the  cubes  and  cylinders.  Since  the 
specimens  were  all  broken  shortly  after  their  removal  from 
the  moist  room,  the  moisture  conditions  were  similar.  It 
is  believed  that  what  has  been  previously  described  as  the 
"coning  effect"  encountered  in  shooting  the  cylinders  may 
be  a  major  cause  of  the  lower  cylinder  strengths. 

RANGE  OF  COMPRESSIVE  STRENGTHS  FOR  EACH  GROUP  OF  THREE 
SPECIMENS  _ _ _ _ 


TABLE  XII  summarizes  the  compressive  strength 

results  for  Mix  Nos.  1  to  13  inclusive.  3e  a  /  t  a  e  st 
and  the  range  of  each  group  o  3  specimens  is  shov. n . 
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NOTE:  The  "Range”  is  the  difference  between  the  highest  and  lowest  of  the  three  specimens. 
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Considering  each  type  of  specimen  in  turn,  there  is 
considerable  variation  in  the  ranges  for  the  different 
mixes,  with  no  particular  trend  evident.  From  the  data 
available,  it  can  not  be  established  which  type  of 
compressive  specimen  could  be  expected  to  have  the  lowest 
within  test  variation.  It  may  be  noted  that  the  cylinder 
strength  range  for  Mix  No.  13  (Gunite)  was  lower  than  that 
of  the  other  mixes,  however  this  data  is  insufficient  to 
conclude  that  the  cylinder  within  test  variations  for 
Gunite  can  be  expected  to  be  lower  than  that  of  Gun-All. 


COMPARISON  OF  MONOLITHIC  BEAM  FLEXURAL  STRENGTHS  AND 
COMPRESSIVE  STRENGTHS 


FIGURE  25  shows  flexural  strengths  plotted  against 
the  corresponding  4  in.  cube  strengths  for  Mix  Nos.  7  to 
13.  Each  point  plotted  was  the  average  of  three  test 
specimens  and  the  best  fitting  straight  line  was  drawn 
through  these  points  to  the  origin. 

The  generally  accepted  relationship  is  a  slightly 
curved  line  with  a  steeper  slope  for  lower  strengths  (12) . 
For  this  plot,  there  are  no  test  results  in  the  lower 
range  so  this  curve  could  not  be  establisne  ;.  ns  slope 
of  the  best  fitting  straight  line  is  0.14,  and  the  range 


is  from  0.11  to  0.15* 
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FIGURE  NO.  25  MONOLITHIC  BEAMS  -  COMPARISON  OF  MODULUS 
OF  RUPTURE  AND  COMPRESSIVE  STRENGTH. .OF.  4"  CUBES 


The  points  all  fell  quite  close  to  the  best  fitting 
line  with  the  exception  of  Mix  No.  12  which  was  lower. 

Since  Mix  No.  12  contained  the  highest  proportion  of  3/$  in . 
crush  aggregate,  this  indicates  that  excessive  proportions 
of  the  coarse  aggregate  affected  the  flexural  strength  more 
than  the  compressive  strength  of  the  cubes. 

In  FIGURE  26  the  flexural  strength  was  plotted  against 
the  compressive  strength  of  the  6  in.  by  12  in.  cylinders. 

The  slope  of  the  best  fitting  straight  line  is  0.19.  The 
points  for  Mix  Nos.  4  and  6  fall  the  farthest  from  this 
best  fitting  straight  line  and  it  will  be  shown  later  in 
the  comparison  of  flexural  strength  and  composite  beam 
strength  that  these  flexural  strengths  for  Mix  Nos.  4  and  6 
were  unreasonably  low.  Excluding  Mix  Nos.  4  and  6,  and  also 
Mix  No.  1  which  was  excessively  dry,  the  range  for  this 
relationship  is  from  0.11  to  0.2?. 

The  modulus  of  rupture  ranges  from  11%  to  2J%o  of  the 
compressive  strengths  for  normal  concretes  (13)  and  these 
results  indicate  the  modulus  of  ruptures  of  shotcrete  to  be 
a  comparable  percentage  of  compressive  strength. 
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FIGURE  Nb.  26  COMPARISON  OF  MODULUS  OF  RUPTURE  OF 
- - MONOLITHIC  BEAMS  AND  COMPRESSIVE  STRENGTH  6'3<I2"  CYLS 


CONCRETE  TO  CONCRETE  BOND  SPECIMENS  (COMPOSITE  BEAMS) 


The  concrete  to  concrete  bond  specimens  consisted  of 
composite  k  in .  by  A  in .  beams  which  were  broken  in  flexure. 
TABLES  XI  and  XIII  show  the  moduli  of  rupture  and  also  the 
location  of  the  failure  relative  to  the  joint  between  the 
"old  concrete”  portion  and  the  shot  portion  of  each  beam. 

In  most  cases  failure  was  at  or  very  near  the  joint 
with  some  exceptions,  notably  in  Mix  Nos.  1,  2,  3  ana  5* 

In  these  cases,  the  breaks  occurred  from  l/4  in.  to  2  in. 
from  the  joint,  indicating  that  the  joints  for  these  beams 
were  just  as  strong  as  the  shot  portion. 

In  the  succeeding  pages  o  t  this  chapter,  the  composite 
beam  strengths  will  be  compared  with  various  otnei  strength 
values . 

FLEXURAL  STRENGTHS  OF  THE  COMPOSITE  BEAMS 

FIGURE  27  shows  the  modulus  of  rupture  of  the 
composite  beams  plotted  against  the  corresponding  compressive 
strengths  of  k  in.  cubes  which  were  cut  from  the  "shot” 
portion  of  the  composite  beams.  Each  point  plotten  is  the 
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TABLE  XIII 


FLEXURAL  STRENGTH  OF  COMPOSITE  BEAMS • -LOCATION  OF  FAILURE 

MODULUS  PORTION  OF  BREAK  PORTION  OF  BREAK 

MIX  OF  RUPTURE  RIGHT  AT  JOINT  AWAY  FROM  JOINT 


NO.  psi  f  OF 

7  A60 

620 
650 

g  410 

410 
3S0 

9  660 

550 
560 

10  660 

750 
620 

11  705 
695 
560 

12  120 
400 
400 

13  260 

635 
550 
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average  of  3  test  specimens.  The  slope  of  the  best  fitting 
straight  line  is  0.093,  and  with  the  exception  of  Mix  No. 

12 ,  the  points  all  fall  quite  closely  to  this  line.  Since 
Mix  No.  .12  contained  the  highest  proportion  of  3/$  in. 
crush  aggregate,  this  indicates  that  excessive  amounts  of 
this  aggregate  in  the  mix  decreased  the  concrete  to 
concrete  bond. 

Since  the  composite  beams  for  Mix  Nos.  7  to  13 
broke  at  or  very  near  the  joint,  the  results  may  be 
considered  to  be  a  measure  of  the  concrete  to  concrete  bond 

For  Mix  Nos.  1,  2,  3  and.  5,  the  failures  of  the 
composite  flexural  beams  were  mainly  not  at  the  joint, 
but  from  1/4  in.  to  2  in.  from  the  joint  in  the  "shot” 
proportions  of  the  composite  beams.  Thus  for  these  mixes, 
the  composite  beam  modulus  of  rupture  is  more  a  measure  of 
flexural  strength  for  this  particular  method  of  fabrication 
than  a  measure  of  the  concrete  to  concrete  bond  strength. 

In  the  remaining  mixes,  that  is  Mix  Nos.  4  and  6  to  13 
inclusive,  the  failures  were  at  or  very  near  the  joint. 

Thus  for  these  mixes  the  results  are  a  measure  of  the 
concrete  to  concrete  bond  strengths. 
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FIGURE  28  shows  the  composite  beam  flexural  strength 
plotted  against  the  monolithic  beam  flexural  strength.  The 
composite  beam  strengths  for  Mix  Nos.  4  and  6  were  greater 
than  the  corresponding  monolithic  beam  strengths.  In  all 
of  the  previously  discussed  comparisons  of  the  monolithic 
beam  flexural  strengths  (FIGURES  21,  22  and  26),  the 
values  for  Mix  Nos.  4  and  6  fell  lower  than  the  general 
trends  would  indicate.  These  considerations  all  indicate 
that  the  quality  of  the  monolithic  beams  for  these  two 
mixes  was  lower  than  should  be  expected.  Mix  No.  1,  which 
was  excessively  dry,  fell  the  furthest  below  the  best 
fitting  straight  line.  The  slope  of  the  best  fitting 
straight  line  is  0.67,  and  with  the  exceptions  of  Mix  Nos. 

1  and  No.  3  to  No .  6  inclusive,  the  range  is  from  0.47  to 

0.75. 


The  larger  proportion  of  3/8  in.  aggregate  in  Mix 
No.  12  appears  to  have  caused  some  reduction  in  the 
concrete  to  concrete  bond  strength. 

REINFORCING  STEEL  BOND  TEST  RESULTS 

TABLES  XIV  and  XV  show  the  results  of  the  steel  bond 
tests.  It  will  be  noted  from  the  table  that  in  Mix  Nos.  2 
to  6  where  No.  4  bars  were  used,  almost  all  of  the  reinforcing 
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FIGURE  NO.  28  COMPARISON  OF  COMPOSITE  BEAM  AND 

MONOLITHIC  BEAM  STRENGTHS 


bars  yielded  before  the  ultimate  load  was  reached.  In  all 
cases  there  was  no  measurable  slip  at  the  free  end  of  the 
reinforcing  bars  and  with  only  two  exceptions  failure  was 
due  to  the  6  in.  cubes  splitting  in  two,  three  or  four 
sections.  For  Mix  Nos.  7  to  12  where  No.  6  bars  were  used 
with  6  in.  cubes  of  concrete,  in  only  one  test  specimen  did 
the  reinforcing  bar  yield. 

The  extents  of  the  voids  which  were  evident  beneath 
the  reinforcing  bar  after  the  concrete  blocks  were  broken 
in  testing  are  outlined  in  TABLES  XIV  and  XV.  For  Mix  No. 

1,  previously  described  as  being  excessively  dry,  it  was 
evident  from  the  broken  sections  that  the  concrete  was 
poorly  compacted  and  contained  rebound  sand.  For  Mix  No.  2, 
which  was  also  a  dry  mix,  there  were  voids  under  the 
reinforcing  bar  approximately  l/l6  in.  by  1  As  in.  by  2  in. 
in  each  of  the  three  specimens.  In  five  of  the  remaining 
33  steel  bond  specimens  there  was  also  evidence  of  voids 
under  the  reinforcing  steel. 

These  test  results  actually  do  not  give  a  true  measure 
of  the  ultimate  reinforcing  steel  bond  stress  because,  with 
only  two  exceptions,  failure  occurred  with  the  enclosed 
concrete  cubes  splitting.  For  this  reason,  as  well  as  the 
fact  that  there  was  no  measurable  free  end  slip,  it  may  be 
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TABLE  XIV 


STEEL  BOND  TEST  RESULTS 


ULTIMATE  ULTIMATE 


MIX 

NO, 

BAR 

SIZE 

. . VOIDS  UNDER  BAR  . 

LOAD 

lb 

LOAD  psi  TYPE  OF 

STEEL  AREA  FAILURE 

1 

#4 

Nil 

4,050 

430 

C.S. 

Nil 

5,950 

63O 

C.S. 

Nil 

6,800 

720 

PULL  OUT 

AVE.  593 

2 

#4 

Nil 

9,250 

980 

PULL  OUT 

2  in.  x.  1./6  in.  x  l/l6  in. 

10,100 

1,070 

Y 

C.S. 

2  in.  x  l/$  in.  x  l/l6  in. 

9,950 

1,060 

Y 

C.S. 

AVE. 

1,037 

3 

#4 

Nil 

13,900 

1,470 

Y 

C.S. 

Nil 

14,200 

1,510 

Y 

C.S. 

Nil 

13,800 

1,460 

Y 

C.S. 

AVE. 

1,480 

4 

#4 

Nil 

12,050 

1,280 

Y 

C.S. 

Nil 

14,100 

1,500 

Y 

C.S. 

Nil 

13,000 

1,380 

Y 

C.S. 

AVE. 

1,387 

5 

#4 

l/2  in.  x  l/l6  in.  x  l/l6 

in  9,300 

990 

C.S. 

Nil 

9,950 

1,060 

Y 

C.S. 

Nil 

11,300 

1, 200 

Y 

C.S. 

AVE. 

1,083 

6 

if  4 

3  in .  x  l/l6  in.  x  l/l6  in 

.  10,700 

1,140 

Y 

c.s. 

Nil 

12,100 

1, 280 

Y 

C.S. 

Nil 

12,100 

1,280 

Y 

c.s. 

AVE. 

1,233 

7 

#6 

2  in.  x  l/B  in.  x  l/l6  in. 

15,700 

1,110 

c.s. 

Nil 

13,400 

950 

c.s. 

1- 

I./2  in.  x  l/3  in.  x  l/l6  in 

.  14,300 

1,010 

c.s. 

AVE.  1,023 


NOTE:  "Y"  Means  Steel  Yielded  Before  Concrete  Cube  Split 
»»C.S.n  Means  Concrete  Cube  Split 
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TABLE  XV 


C.  r. 


STEEL  BOND  TEST  RESULTS 


ULTIMATE  ULTIMATE 

MX  BAR  LOAD  LOAD  psi  TYPE  OF 

NO.  SIZE  VOIDS  UNDER  BAR  lb  STEEL  AREA  FAILURE 


8 

#6 

Nil 

11,300 

BOO 

C.S. 

Nil 

11,100 

790 

C.S. 

Nil 

12,500 

800 

C.S. 

AVE. 

823 

9 

#6 

Nil 

20 , 200 

1,430 

C.S. 

Nil 

17,500 

1,  240 

C.S. 

Nil 

19 , 200 

1,360 

C.S. 

AVE. 

1,343 

10 

#6 

Nil 

15,000 

1,060 

c;.s. 

Nil 

19,000 

1,340 

C.S. 

Nil 

15, 700 

1,110 

C.S. 

AVE. 

1,170 

11 

#6 

3  in.  x  l/8  in.  x  l/l6  in. 

17,500 

1,240 

C.S. 

Nil 

15,700 

1,110 

C.S. 

Nil 

20,500 

1,450 

C.S. 

AVE. 

1,267 

12 

#6 

Nil 

IS, 000 

1,270 

C.S. 

Nil 

19 , 800 

1,400 

C.S. 

Nil 

22,200 

1,570  Y 

C.S. 

AVE. 

1,413 

13 

#4 

Nil 

12,000 

1,270  Y 

C.S. 

Nil 

10,700 

1,140  Y 

C.S. 

Nil 

12, 800 

1,360  Y 

C.S. 

AVE. 

1,257 

NOTE:  MYM  Means  Steel  Yielded  Before  Concrete  Cube  Split 
"C.S."  Means  Concrete  Cube  Split 
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that  the  actual  ultimate  steel  bond  stress  would  be 
higher  than  the  values  obtained.  In  the  analysis  of  these 
results,  however,  the  tern  ultimate  steel  bond  stress  was 
used  for  simplification.  Direct  comparisons  with  published 
data  for  normal  concretes  may  not  be  true  comparisons, 
since  6  in.  cubes  of  shotcrete  were  used  rather  than  the 
standard  9  in.  cubes. 

FIGURE  29  shows  the  ultimate  steel  bond  stress  plotted 
against  the  compressive  strength  of  the  6  in.  by  12  in. 
cylinders  with  the  best  fitting  straight  line  drawn  through 
the  points  to  zero  on  the  graph.  It  has  been  reported  that 
there  is  not  a  consistent  relationship  between  steel  bond 
strength  and  compressive  strength  of  concrete,  however,  it 
has  also  been  customary  to  specify  permissible  bond  stresses 
as  percentages  of  the  compressive  strength  of  concrete  (14) . 
The  points  on  the  graph,  each  the  average  of  three  test 
specimens,  all  fall  reasonably  close  to  the  best  fitting 
straight  line  with  the  exception  of  Mix  No.  6.  Since  an 
equal  number  of  points  fall  above  and  below  the  average  line 
for  both  the  No.  4  bars  and  the  No.  6  bars,  it  appears  that 
the  ultimate  steel  bond  stress  is  independent  of  the  bar  size 
for  the  ranges  encountered. 

The  slope  of  the  best  fitting  straight  line  is  0.275. 
The  range  of  this  relationship  is  from  0.22  to  O.36. 
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The  results  indicate  that  for  most  of  the  shotcrete 
mixes  tested,  the  ultimate  steel  bond  was  1000  psi  or 
greater.  Mix  No.  1  which  was  excessively  dry,  and  Mix  No.  $ 
which  was  the  leanest  mix  tested,  both  fell  below  this  value 
of  1000  p  si . 


GUNITE  TEST  RESULTS  ( IViX X  NO.  13) 


The  test  results  for  the  Gunite  specimens  (Mix  No.  13) 
are  shown  in  TABLES  X,  XIII  and  XV.  It  is  difficult  to  make 
a  true  comparison  between  the  Gunite  mix  and  any  of  the  Gun-All 
mixes  because  the  equipment  set-up  was  entirely  different. 

Since  the  Gunite  mix  had  no  equivalent  in  any  of  the  twelve 
Gun-All  mixes,  direct  comparisons  of  strengths  can  not  be 
made.  However,  strength  relationships  such  as  cube  strength 
versus  cylinder  strength,  flexural  strength  versus  compressive 
strength,  and  so  on,  do  provide  some  basis  for  comparison. 

The  various  Gunite  strength  relationships  are  shown  along  with 
the  Gun-All  results  on  FIGURES  20,  and  2 A  to  29  inclusive. 

In  the  comparison  of  the  compressive  strength  of  the 
A  in.  cubes  with  6  in.  by  12  in.  cylinders  (FIGURE  2A)  the 
Gunite  results  fall  close  to  the  best  fitting  line,  and  they 
are  within  the  range  of  the  Gun-All  mixes. 
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In  the  comparisons  of  the  flexural  strengths  of 
the  monolithic  beams  with  the  compressive  strengths  of 
the  cubes  and  cylinders,  (FIGURES  25  and  26)  the  Gunite 
results  lie  only  slightly  higher  than  the  best  fitting 
lines.  In  the  comparison  the  composite  beam  flexural 
strength  versus  compressive  strength  of  cubes  the  Gunite 
results  again  fall  very  close  to  the  best  fitting  line 
(FIGURE  27). 

In  the  comparison  of  flexural  strengths  of  the 
composite  beams  with  the  monolithic  beams  (FIGURE  NO.  28), 
the  Gunite  results  are  just  slightly  higher  than  the 
best  fitting  line  for  all  of  the  tests. 

In  the  steel  bond  versus  compressive  strength 
comparison  (FIGURE  29)  the  Gunite  results  fall  higher  than 
the  best  fitting  line  but  are  still  within  the  range  of  the 
other  tests. 

In  summary,  the  above  noted  comparisons  show  that 
the  Gunite  strength  relationships  fall  within  one  range 
of  the  Gun-All  results. 


EXPANSION  UNDER  CONTINUOUS  MOIST  CONDITIONS 


Appendix  B  shows  the  linear  change  data  obtained 
in  this  program.  Temperature  corrections  were  made 
assuming  a  thermal  coefficient  of  6  by  10- J  per  degree  F. 

FIGURES  30  to  41  inclusive  show  the  test  results 
for  the  linear  change  specimens  which  were  subjected  to 
continuous  moist  storage  conditions  for  approximately 
two  years.  During  this  time  the  specimens  all  expanded 
from  100  to  300  millionths,  a  range  comparable  to  that 
of  normal  concrete  which  has  been  reported  to  be  from 
200  to  300  millionths  (15) . 

The  two  year  expansions  for  the  different  mixes  do 
not  fall  into  any  particular  patterns  for  the  three  series 
of  tests. 

GENERAL  DISCUSSION  OF  RESULTS 

In  the  analyses  of  the  results  of  this  testing 
program,  various  trends  were  established  for  the  different 
strength  relationships,  and  have  been  discussed  in  turn 
in  this  chapter.  It  should  be  noted  that  these  trends 
pertain  only  to  the  specific  conditions  as  outlined  for 
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this  program,  that  is  for  the  given  equipment  set-up,  materials 
used,  and  the  fabrication  techniques  employed.  Any  attempts  to 
extrapolate  these  results  for  other  than  these  given  conditions 
should  be  made  with  caution,  using  sufficient  correlated  data. 

From  the  analysis  of  the  test  results,  it  is  apparent 
that  some  of  the  data  is  erratic,  in  that  it  does  not  fit  in 
with  the  general  trends.  A  notable  example  of  this  can  be 
found  in  the  monolithic  beam  flexural  strengths  for  Series  II, 
as  shown  in  FIGURE  22.  These  erratic  results  can  be  explained 
only  by  some  undetected  variation  in  equipment  operation  or 
the  shooting  technique.  Other  possibilities  are  that  some  of 
the  specimens  were  jarred  and  partially  fractured  in  the 
first  few  hours  after  they  were  shot,  or  that  they  contained 
undetected  rebound. 
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CHAPTER  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 


From  the  analysis  of  the  test  results,  certain 
conclusions  appear  warranted.  It  should  be  remembered 
however,  that  the  samples  were  shot  under  certain  specific 
conditions  and  any  variations  in  shooting  equipment  and 
technique  could  produce  varying  results.  Some  of  the 
general  conclusions  are  as  follows: 

1.  For  the  conditions  investigated,  the  maximum 
compressive,  flexural,  and  steel  bond  strengths 
for  Gun-All  are  attained  with  mixes  which  are 
of  a  consistency  meeting  the  field  criteria  for 
proper  consistency. 

2.  The  range  of  the  flexural  strength  -  compressive 
strength  ratio  for  shotcrete  is  closely  comparable 
to  the  range  for  normal  concrete. 


. 


3. 


With  the  methods  used,  the  concrete  to  concrete 
bond  in  flexure  is  on  the  average  two-thirds  the 
strength  of  monolithic  shotcrete. 

Ultimate  reinforcing  steel  bond  strengths  of  1000 
psi  or  greater  can  be  attained  with  normal  mixes 
of  shotcrete. 

5 •  For  the  methods  used,  there  is  an  indication  that 

the  Gunite  process  gives  strength  relationships 
similar  to  those  of  the  Gun-All  process. 

6.  The  expansion  of  the  shotcrete  specimens  which  were 

subjected  to  continuously  moist  conditions  for  two 
years  was  comparable  to  that  which  could  be  expected 
of  regular  concrete. 


RECOMMENDATIONS  FOR  FURTHER  STUDY 


It  is  recommended  that  further  tests  should  be  con¬ 
ducted  to  develop  improved  methods  of  obtaining  representative 
compressive  strength  specimens.  In  order  to  eliminate  the 
size  factor  and  the  l/d  ratio  factor,  it  would  appear  to  be 
feasible  and  practical  to  cut  6  in.  by  6  in.  by  12  in. 
specimens  from  a  beam  in  the  same  way  the  4  in.  cubes  were 
obtained  in  this  program. 


. 
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APPENDIX  A 
SAMPLE  CALCULATIONS 


A2 


SAMPLE  CALCULATION  -  density  of  6  in.  by  12  in.  cylinder 


Weight  of  basket  &  cylinder  in  water 
Weight  of  basket  in  water 
Weight  of  cylinder  in  water 


fig 
IoBA  g  fig 
6506  g  4  2  g 


Weight  of  cylinder  in  air 
Weight  of  cylinder  in  water 
Weight  of  water  displaced 


=  11849  g  ±  2  g 

=  6506  g  f  2  g 

=  5343  g  ±  4  g  or  .08$ 


Density  of  cylinder 


11349 

5343 


x  62.4  =  133.4  lb  per 


c  u  ft. 


f  (  .08 %o  -f  .02$)  =  ±  .1$  or  ±  0.1  lb  per  cu  ft. 
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SAMPLE  CALCULATION  -  FLEXURAL  STRENGTH 


R 


PL 

2" 


bd 


R  -  Modulus  of  Rupture  in  psi 

P  «  Applied  load  indicated  by  testing  machine  in  pounds 
L  =  Span  length  in  inches 
b  -  Average  width  of  specimen  in  inches 
d  -  Average  depth  of  specimen  in  inches 


Example  -  beam  #  4-2 


R  = 


2200  x  12 

4  x  42 


R 


410  psi 
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APPENDIX  B 


LINEAR  CHANGE  DATA 


1VI 

N< 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


B2 


INITIAL  READINGS  -  LINEAR  CHANGE  SPECIMENS 


AGE  AT 
INITIAL 
READING 
-HOURS 

NO.  1 
INITIAL 
GAGE 
READING 

NO.  2 
INITIAL 
GAGE 
READING 

MX 

TEMP .  AT 

INITIAL 

READING 

1-1/2 

0357 

1049 

65 

1-1/2 

0540 

1235 

67 

2 

1175 

0772 

67 

3 

0315 

0919 

72 

4-1/2 

0972 

1359 

69 

4 

0736 

1000 

69 

4-1/2 

1016 

0797 

78 

4 

0852 

1327 

78 

5 

044S 

0994 

75 

5 

1668 

1968 

76 

5 

1690 

0390 

78 

3 

2286 

1942 

78 

. 


. 

B3 


0 

O  pd 

<n  <j: 
pe;  0 
0  s 

>  H 

<  0 


CO 

DC 


0  O 
O  M 
J3  0 

<  0 

PC  y 

o  s 


^OOOIJVAOOUMAIAOIAOO 

o~\  rH  ch  0  ir\  0\Q  u~\  o  to  vO  u~\  -0 

i — 1  C\2  i — |  i — |  i — 1  i — | 

I 


02 


O 

s 

o 

s 

M 

o 

< 

0 

PC 


0 

O 

S  Q  •  • 

<;m&,  c 

PC  E-I  s  -H 
o  o  0 
0  E-u~\ 

•  PC  l 

s  pc;  ccj  o 
0  O  O  -H 
^  O  fr,  X 


0 

CO 

<«: 

£3 


0 

< 

M 

E-* 

H 

S 

M 


SC 

H 


o 

s 

Men 


C£J  S  Q  I 
O  O  <0 
Sp^KH 
H  0  ptj  X 


c 

•rH 

CD 

d 


C 

•rH 

CD 

a 


02  i — |  i — |  co  0  u~\  er\  0  O-vO  rH  O  t>-vO  O 

l  l  i — 1  02  i — |  i — 1  i — i  | 


CVOJHOOHCV(NCVH<i-!>iAr^H 

I  i — I  i — I  i — I  i — I  i — 1  i — I  02  02  (V  02  0-2  I 


o 


e> 

s 

0 

Q 

0 

0 

Pi 


0 

O 

S 

0 

PC 

o 


£3% 

oE3 


c 

•rH 


0 

*  ' 


Ehctn 

I 

PC  PC  O 
I— I  O  O  rH 
Hloh  X 


sc 

•rH 

Ch 

CD 

C4 


I—) 

< 

M 

Eh 

0H 

cO  s 

0  i — l 
p£) 

pc;  ^ 


<c 

O  -H 

!s 

Muo 

PC  I 


o  o  0  o 

S  PC  0  «H 
H  CtJ  X 


co  uo  i — 1  co  co  0  ua  -cNo  cr\  O  0-\0  0  O 

i — 1  02  rH  i — I  i — I  rH 

I 


O-vO  H00\0  WCMHO  coco  -tH  H 
rH  rH  rH  rH  rH  02  02  CM  02  02  rH 

I 


CD 

to 

CCS 

sc 

•H 

P 

0 

CO 


I 


CD 

> 

•rH 

+1 

CIS 

tO 

0) 

C 

CO 

OS 

SC 

£ 

O 

rC 

CO 

CO 
CO 
CD 
i — I 

c 

Ci 


c 

o 

•H 

CO 

sc 

OS 

& 

0 


s 

o 


& 

0 


Eh  SC 

O  -H 


0^n 
PC  I 
■Pi  O 
O  i — I 
O  X 


sc 

•rH 


P 

0 

p 


0M  O  C^-sOMO  C'-'PO  eo  uo  ro-oo  co  o-co 

II  I  I  I  I  I  I  I  I  I  I  I  I 


Eh 


0 

X 


0 

0 


0  t-H 
t>  EhO 
0  0 

S 


O 

PQ 

0 


co 

0 

0 

Q 


O 


t^-WONOOrl  OH  "CO  "CO  U~\  CO  CO  rH  CO 
I - 1  I - 1  I - 1  I - 1  I - 1  1  I  '  I  1  I  H H 

o  0H  c\2 

i — I  C\2  0 

0 

02  *  Si 

n  rH  c\2  0  O-  0  OvO  CN2  O  C^  o  >->  tQ  S 
\Q  rH  02  CO^O  O  M  02  S-i  C  *H 

-4-  r-  C^-  Q  -H  Eh 


i — I 


0 

> 

•H 

■P 

•H 

0 

O 

cc 

0 

sc 

0 

0 

0 

Ph 

c 

to 

•rH 

pin 


0 

Eh 

o 

s 


•  • 

* 

. 


•  » 

• 

1 

• 

r' 

- 

:  i  i  :  t  I  !  i 


i  i  i 


* 


o 

Pd 

g 


CO 

33 

Eh 

s 

K  O 
O  m 

S  t-P 


tc 
Pi  o 


M 


PI 

y 


ooooooooooooooo 

M  CV  r-H  -ch  -ut\D  '■£>  CH\Q  rvoo  r^\  O^rH  !>- 

H  H  H  I  i — I  or 

I  I 


B4 


W 

o 

s 

<c 


Q 


h  fe  c 

-H 


o  o  W  p 

CM 

W  Enur  -H 

•  Pd  i 

• 

S  Pd  Pd  O  P 

o 

M  O  O  i — i  CD 

s 

P)  O  X  Q. 

o 

s 

PI 

M 

< 

Q 

M 

<C 

Eh 

po 

ipi  1 — 1  p 

Pd 

co  S  o  -H  • 

I - 1 

(3 

Pd  § 

o  o 


s 

Hua 

Q  l 

<  O 


H  fe  qh  X 


p 

•H 

P 

CD 

PJ 


rH  cv  rH  -ch  ~cf\D  vO  OTvO  OTtXj  ncnH  N 

- — !  i —  r — i  I  i — I  ^ 

I  I 


-^-C^OOOHrHOO^OO  -4-vO  P2 

rH  i — I  i — 1  i — 1  i — 1  i — 1  CM  0-2  I  OT 

I 


i — 1 


o 

s 


w 

o 

s  o  •  • 


PC 


fe  P 

P  -H 
O  O  0 
W  Enur 

»  pd  I 

S  Pd  Pd  o 

I — 1  O  O  i — i 


p 

•H 

P 

CD 

P. 


o 

s 

w 

Q 

<d 

W 

Pd 


PI 


W 

CO 

<d 

w 

Pd 

o 


H 

Eh 


M 


P 

rH 


O 

s 

Mur 

S  Q  i 

O  <o 

ttj  M  H 

pd  X 


p 

•rH 

p 

CD 

a. 


CO 

o 

o 

PI 


s 

o  • 

M  P 
Eh  -H  • 


o 

p 

•  fdjcrs 

•rH 

1 

p  Pd 

o 

p 

M  O 

1 — 1 

CD 

Eh  O 

P< 

or  O  MvO  ur\urur!>-~cf-4'Cv2JP!>-ur!>- 

i  i  i  i  i  i  I  i  i  I  I  I  I 


> 

o 

PQ 

<d 


pi 

c 

M 


M 


ur  O  CVO'00'OOCJnM\OvO  orM  M  OM 

I  i — |  i — I  i — I  i — I  i — 1 

O  PH  OJ 
i — I  CM  — d" 


CO 

&  >1 
o  <$ 

<3j  Q 


-H-  I  P 

CM  Hr  hO  £; 

, — I  Cv2  -ui-  - - -  CM  O  CM  O-  P  P  -H 

ur  i — 1  CM  orvO  O  i — I  CV  Q  H  Eh 

-d-!PfP 


CM 


CD 

HO 

05 

Pd 

P 

•rH 

p 

x 

co 


i 


CD 

> 

•rH 

-p 

p 

w 

CD 

P 

CO 

cd 

p 

£ 

o 

x: 

CO 

CO 

co 

CD 

i — 1 

P 

P> 


P 

o 

•H 

CO 

P 

cd 

a 

x 

w 


CD 

> 

•H 

p 

•rH 

CO 

o 

p, 

CD 

P 

cd 

CO 

CD 

h 

HO 

•rH 


Ctl 

Eh 

O 


I  I 


1  1 


!  I  I  !  1  I  1  I  I 


, 


! 


•  • 

I 


P 

ODfW 

<  o 

P  P  <c 
P>  M  P 
<1-^0 


co 

X 

Eh 

P 

o 

H 

P 

i— -? 

a 


^OO  uoloioo  OcooooOcoio 

Pi  Pi  CO  Pi  C\i  CO  H  NtOiAO^OtO 
I  I  i — I  i — I  i — I  i — 1  i — |  Pi 

I  I  I 


B.5 


Pi 


P 

o 

P  Q  •  • 

<*  P  P  £ 

O  o  jP 
P 

•  P 


Ehu~\ 

I 


P  P  O 
OOH 
O  P  X 


£ 

•H 

£ 

CD 

P- 


coHcoPioPiOPicoc\itou-\otMa'' 

I  •  i — I  i — I  i — I  i — I  i — 1  C\i 

I  I  I 


CD 

hi) 

cti 

P 

£ 

•H 

u 

p 

CO 


o 

p 

o 

p 

M 

o 

< 

P 

P 


p 

<$ 


P 

CO 

p 

PG 

O 


M 

&H 


o 


Pi 

o 


£ 

•H 


[ — ko 

Q  l 

<o 

PPM 

X 


£ 

•H 

£ 

CD 

P- 


c  M  -<K0  u-\  O-  O-  P-  P-vQ  o  cv  fOCV  CV 

I  i — |  C\i  Pi  I  H  CM 

I  I 


I 


0 

> 

•H 

-p 

£ 

hi) 

0 

£ 


P 

i~r 3 

! _ L _ 1 


p 

o 

p 

<$ 

p 


Q 


£ 

•H 


OOP!  £ 

PI  Ehu~\  *h 

*p  1 

P  DG  P  o  £ 

1 — 1 

M  O  O  rH  0 

P  O  P(  X  p. 

o 

p 

P 

< 

o 

M 

P 

Eh 

M 

Pm  £ 

a 

CO  P  O  M  • 

p 

<  M  P  £ 

p 

p 

o 

p 


o 


Muo 

Q  I 

<u  o 
P 


pnj 

I — I  P  p  r<,  Pi, 


(VconmH  r\0  p-  P  Pi  -co  to  O  v0  'CO 

I  I  HHHHH W 

I  I  I 


Hc^^-  P-vO  PO  O-  -CP 'CO  Wc^HH 

I  i — |  C\2  02  I  M  Pi 

I  I 


TION 
in . 

• 

o 

£ 

•  Pup 

•rH 

p  p  1 
p  P  o 

£ 

to  o  M 

a) 

Eh  O  X 

P- 

COO  M-d'U'\UP[>-UP-4--c!-Pi  O-p-COO- 

|  |  |  I  I  I  I  I  I  I  I  I  I 


0 

cti 

g 

o 

p 

CD 

cd 

CD 
0 
i — I 
£ 
P> 


£ 

O 

•H 

CD 

£ 

£ 

pH 

p 


0 

> 

•H 

p 

•H 

CO 

o 

pH 


(£1 


P  t>  EhO 
il  O  M  P 
WP£ 

Eh  <  M 


to 
p  >h 
o 

<S  Q 


UA  O  OJ  \Q  'CO  "00  M  QwO  ''O  CO  i — I  « — t  QNiH 
I  M  H  r— I  M 


O  -^M  Pi 
rH  Pi  P" 


Pi  1  H 

\HCV  -cNM  -4-vO  PPiO  WP  >,  MS 
_+  r-H  coPivD  O  H  W  £  £  -H 

4PPPHEh 


CO 


0 

£ 

cd 

W 

0 

t* 

bD 

•H 

pin 


P 

Eh 

o 

p 


;  . 

fn  1 

:  l  i 

•  • 

• 

'  * 

1 

"" 

< 

I 

:  i 

- 

•  « 

i 

i  :  i 

• 

« 

! 

1  ! 

• 

1  1  1 

1  1  1  1  1  1  1 

• 

• 

B6 


co 

pr 

Eh 

Ctj  s 

o  pi  pa  o 
c<;oh 
pi  pa  s  i-q 

M  S  <  hG 
>HEh 
<4  *-3  o  § 


LALTMAOlAOOOOlAOlAOO 
CO'CC)  "CO  Q\  iH  S>-  QnvO  02  02  02  On  02 
iH  HNCV  |  |  C\i 

I 


W 

o 

S  Q  •  • 

<4  (xj  G 

iC  Eh  jSj  -H 

• 

o  o  pa 

G 

M  E-huo 

•  Pi  i 

•rH 

02 

S  pi  pi  o 

G 

! — 1  O  O  i — 1 

0 

• 

i-G  O  Ph  X 

P- 

o 

s 

►G 

o 

<4 

s 

EH 

M 

Eh 

Q 

Pj  M  G 

C/l  S  O  -H 

< 

• 

W 

<  M  53 

G 

Pi 

pa  HPA 
Pi  S  Q  i 

•rH 

o  o  <o 

G 

s  pi  pa  i — i 

0 

HGG  X 

Ph 

02  rH  On 'CO  O  cotO  O  tO  COO  CO  On  02 

i — It — I  i — I  i — I  02  02  I  I  02 

I 


i — I  CO  02  O  02  U"\  02  i — |  On  02  -4" , — |  !>tO 

I  I  i — I  r — I  i — li — !i — |i — |i — (02  02  It — | 

I 


CD 

bO 

CCS 

Gd 

G 

•H 

G 


Ol 


I 


CD 

> 

•H 

-P 

Cti 

W3 

CD 

G 


O 
S 
I— l 
Q 
<4 

Pi 


s  pi  pi  o 

I — I  O  O  i — I 
Gofc  X 


c 

*H  ! 

g 

CD 

Qh 


hP 

<4 

M 

Eh 

• 

pa  m 

G 

cn  s  o 

•rH 

• 

<4  MS 

G 

Pa  muo 

•rH 

Pi  m  Q 

i 

O  o  <4  o 

G 

S  Pi  pa  rH 

0 

W  Ph  Pi 

X 

P. 

0-\0  to  to  ON  OnvO  tO  -4-  02  -4-  02  On 

H0202  I  I 


— 4"  02  i — |  O  i — I  i — I  O  On  U"n  r— I  tO  02  0- 
i — ii — if — li — I  rH  i — 10202  | 


S 

O  • 

M  G 
Eh  -H  • 


O 

•  plU> 


&J  £ 

S  Pi 

W  o 

Eh  O 


I 

O 

i — I 

X 


G 

•H 


G 

0 

(X 


CO  — 4^  CO  02  02  02  ~i"  i — I  i — |  f— i  — 4”  —4'  02  -4" 

I  I  I  I  I  I  I  I  I  I  I 


CO 

05 

G 

£ 

o 

x: 

CO 

CO 

CO 

CD 

I — i 

G 

it 


G 

o 

•H 

CO 

G 

ctf 

a 

x 

H 


CD 

> 

•rH 

-p 

•H 

CO 

O 

P, 


t-G 

<4 

M 

E-O 

M 

S 

M 


uo  O-  uo  co  co  -4~vO  i— I  i— I  02  \0  nD  -4-\0 

I  I  I 


C/1 
PI  >H 
o  <4 

<  Q 


|x{  • 

U2 


O  -4-fH  02 
i — I  02  — 4^ 

I  0 

tH  02  -4-O-vO  02  o  02  O-  !>»  txO  3 

rH  02  CO\0  O  rH  02  G  G  -H 
-4-  O-  P-  Q  -H  Eh 


-4" 


0 

G 

Pi 

CO 

0 

G 

G 

bO 

•H 

&H 


pa 

Eh 

O 

s 


I  I 


•  » 

• 

• 

• 

• 

• 

9 

• 

1 

• 

• 

« 


! 


.  v. 


00 

Eh 

|VJ  S 
o  P4  C£J  o 

<4  <$  O  M 
P4  H  S  ,_q 

>HI[- 
<4  £)  O  f 


OOOlfMAOUMAOO  O  IA  IAO 
CM  oo  CO  to  vD  'CO  I— I  UA  o  O  CV  CV 

i — I  i — I  r— I  i — I  CV  -4 

I  I  I 


B7 


cv 

o 


O 

;  q  • 

<5  K  H 
x  E-t  S 

o  o 
W 

•  CtJ  I 

:  os  ce!  o 

I — l  O  O  i — 1 
fJofc  X 


£ 

H 


EhU"\ 


£ 

•H 

£ 

CD 

04 


CV  -4  -4  vO  tO  OCO  O  fAQN  W  iAH 

i — 1  i — |  C\2  i — 1  i — 1  OA 

I  I  I 


o 

£q 

M 

Q 

<4 

& 

ct; 


H 

<4 


cO 


<4  M  S  £ 
M  Hu~\  -h 

i 

O  O  <4  O  £ 
H££  X  & 


O  CO  ON  O  CV  -4  CO  <02  -4  -4  CN  r~ |  -4 

i — ii — I. — I  i — I  H  <02  CV  i — |  CN2 

I  I 


i — I 

O 


w 

o 

S  Q  •  • 

<4  W&  £ 
C£  Eh  is  *H 

uoy 


W  Ehuo 
•  OcJ  I 


£ 

•H 


S££0  £ 

I — I  O  O  i — I  CD 
hP  O  £h  X  O 


CMWOJfAUA^iANHlNHONOfA. 

i — I  i — I  co  uo 

I  I  i 


C5 

S 

M 

Q 

<4 

P4 


H 

<4 

HBoi  • 

<  M  S  £ 
W  MU~\  *H 
£  ^  P  I 
O  O  <4  O  £ 
S  ,ccj  fx)  i — |  <d 
X  & 


OrHC'-O-QN  oo  ON  CO  -oo  vO  -4  \Q  t>0 
i — I  i — I  i — I  i — I  CN2  -4 

I  I  I 


£ 

H 


o 

M 
E-t 
O 

.  rT0u-v 
H  ^  1 

04  o 

O  i — 1 


f^5 

M 


Eh  O  X 


£ 

•rp 

£ 

CD 

04 


<02  r- 1  Lf\  -4  -4  -4"  UN  CM  <02  i — 1  LPv  LTN  -4"  ITN 

III  I  I  I  I  I  I  I  I  I 


H 

<4 


•  jxl  M 
g^  Eh 

m  OH  O 
H  £  s  £ 
H  <4  H 


-4  H  'CO  vO  nO  Nqn44H  CM>£On 

I  I 

O  -4  i — I  C\2 
i — I  CV  —4 


CO 

w  >-* 

O  -4 
-4  Q 


1  £ 

i — |  CV  co  ^O  co  vO  *^o  i — I  O  i — I  n0  £■>  oO  Ei 

H  CM  0\0  O  H  W  £  £-H 

4  £  £  P  -rl  E 


X  • 

H  O 

§  s 


ur\ 


NOTE:  Figures  are  positive  (Expansion),  unless  shown  as  negative  (-)  (Shrinkage) 


I  .  -  .  .  I 

!  I  i 


111!)! 


lilt 


•  * 


* 


' 


;  c 

■* 


I  1 

* 


READING  NO.  1 _  READING  NO.  2 _ 

INCREASE  LIN.  CHANGE  INCREASE  LIN.  CHANGE 

MIX  AGE  TEMP  TEMP.  FROM  INITIAL  CORRECTED  FROM  INITIAL  CORRECTED  AVERAGE 

NO.  DAYS  ABOVE  CORRECTION  READING  FOR  TEMP.  READING  FOR  TEMP.  LINEAR 

INITIAL  xlO-5  in.  xlO-5  in.  xlO-5  in.  xlO-5  in.  xlO-5  in.  CHANGE 


m 


£ 


o 


M 


t-J 

i — 


O  u-nltnu-nuaouauaooOOOO 

C0  rH  N  4  O  to  (MV 

i — I  i — I  i — I  i — I  CV  -4 


B8 


£ 

•H 


£ 

0 

a 


to  4tr\CVowo(r\CV4Ot0O(V 


l 


i — I  i — I  i — I  i — I  CH  -4 

i  i  i 


£ 

•H 

£ 

0 

a 


O  UN  O  CV4CVlAlA-4iAiAr^LT\l> 

1  I  i — I  r— I  i — 1  i — |  CV  CH 

I  I  III 


£ 

•H 


£ 

0 

Q 


\0  cr\  C4  i — 1  i — 1  C4  i — j  -4 

till 


£ 

•rH 

£ 

0 

£ 


to  -4-  0  0  lavO  \Q  vO 

I  I 


£ 

•rH 


£ 

0 

£ 


CV  rH  U"\  -4  -4  -4  l-TN  CV  (Mr- 1  IfMA  4  1A 

I  I  I  I  I  I  I  I  I  I  I  I 


O 

£i 


-4  rH  to  \Q  \Q  r^-  £  -4  4-  H  00^0 

I  1 


O  4  H  CV 

i — I  OJ  -4 

I  0 

i — |  CH  oh  vO  on  \D  lo\  i — I  O  i — I  x-0  hO  $3 

H  (V  0vO  O  H  N  £  £  -H 

-4  £-  O-  Q  -H  E-< 


vO 


NOTE:  Figures  are  positive  (Expansion),  unless  shown  as  negative  (-)  (Shrinkage) 


]  !  i  : 


i  i  : 


!  i  i 


i 


i  i 


!  I  i 


i  i  :  i  :  i  l  )  !  i  i 


i  i 


' 


.  . 

.* 

* 


♦ 


2 

2 


O  2  2  o 

<4  <4  U  H 
2  2  2  2 
fil  2  <  hi 
P>  H  PC,  H 
<a  h^j  o  § 


>-0  O  COlOCOLOUOOOlOlO 
M  uo  2-  O  N  iA  (\J  h  O 

1  I  i — !  i — I  i — I  i — 1  02  co 

I  1  I  I  I  III 


B9 


CO  2 


02 
I - i 


-4-  -4~  02 

i — I  02  (O 

I  I  I 


2 

O 

2  Q  •  • 

<  2  2  d 

2  Eh  S  m  • 

0  0  2  £ 

2  Ehctn  -H 

02 

*  2  l 

2  2  2  O  £ 

* 

M  O  O  M  CD 

o 

2  O  2  X  p. 

2 

O 

2 

2 

M 

M 

2 

Q 

2  j — i  £ 

2 

CO  2  O  -H  • 

2 

<  M  2  £ 

2 

2  _  Mcr\  -h 

2  S  Q  l 

oo<:o  p 

2  2  2  M  cd 

M  2  2  X  & 

I — I  W\  CT\  i — I 
i — I  i — I 

till 


O  O  uo  M  \0  -4- 

02  i — i  i — i 

I  I  I  I 


2  rH  -4-  uo  02 
i — 1  i — I  02  CO 

I  I  I 


f- 1 


o 

2 

o 

2 

M 

Q 

<4 

2 

2 


2 

O 

S  Q  »  • 

<  W  C 
PC  2  3  -H  • 
O  O  2  £ 

2  2*,~0  *rH 

•  2  i 


2  2  2  O  £ 

I — I  O  O  r— I  CD 

t-4  o  2  x  a 


21 
<4 
j — I 
Eh 

2  M  £ 
cnsO'H  • 
<4  I — I  2  d 

|2  I — ICO  *H 

2  Q  i 
O  O  <4  0  £ 
2  2  2  H  CD 
M  2  2  X  2 


O  ^CM4-W4-<^00(>0 

i— I  N  i — I  i — I  i — |  02 

III  III 


i — I  CVt04HH-50OOO  O 

i — I  i — I  i — I  r— I  i — I  02  02 

till  III 


2 

O  • 

M  £ 


Eh  -H  • 


O  £ 
•  2-0  *H 


&j  2  i 
2  2  O  £ 
2  O  i — I  CD 
Eh  O  X  P- 


r— I  lOvOOCOCOUOOOMO 

I 


I 


O 

2 

<* 


2 
2 
M 
2 
MO 
2  2 


tn 

2  2 
o  <sj 
2  Q 


02 

CO 

o 

O 

CO 

uo 

to 

O 

O 

02 

O 

1 

1 — 1 

1 

1 

1 

1 

1 

02 

o 

-4" 

i — 1 

02 

V 

i — 1 

02 

2 

2 

M 

02 

1 

l 

CD 

1 — 1 

02 

02 

•co 

O 

-co 

ro 

2 

bO 

O- 

02 

C>- 

o 

O 

£ 

d 

•rH 

co 

vO 

vO 

Q 

•H 

2 

CD 

txO 

cC 

2 

£ 

•rH 

£ 

2 

CO 


I 


CD 

> 

•rH 

-p 

CtS 

to 

CD 

£ 

CO 

03 

£ 

£ 

o 

2 

CO 

CO 

co 

CD 

I — I 

£ 

£ 


£ 

o 

•H 

CO 

£ 

ctf 

O- 

X 

2 


CD 

> 

•H 

-P 

•H 

CO 

o 

2 

CD 

£ 

03 

CO 

0) 

h 

hQ 

•rH 

P*h 


txj  • 

ai 


2- 


•  • 


. 


i  ;  :  t  i 


i  ]  i 


iiii 


! 


1 


111  I 


I  I  ( 


I  ? 


I  III 


i  ■  :  : 


.* 


I 


r  ■ 


' 


C4 


O 

s 

o 

s 

M 

Q 

< 

W 

Pi 


c n 

PC 

o  ^  cj  o 
<<0  1-1 
tti  ftj  S  P 

>  M  PC  H 


o 

s 

< 

cg 

o 


c 

H 


is 

H 

t— -} 


M 

CO 

S 

o 

s 

i — i 


Q  • 

y  0r) 

Eh  p| 

O  H 
g  EhuA 

P^  P=10 
O  O  H 
O  P  X 

PI 

< 

M 
Eh 

M  . 

S  O 

w  s 

M^A 

§  Q  • 
O  <  O 
Pi  M  i— i 
P  Pd  X 


G 

•H 

g 

CD 

P 


G 

•H 


G 

rH 

g 

CD 

Pi 


o 
<a? 

o  o  W 

M  EhUA 


Q 


G 

H 


c 

•H 


1 — 1 

•  Pi  1 

SP^C^O  G 

• 

! — 1  CD  CD  i — |  0 

o 

P3  O  IP  X  P 

P-H 

PI 

o 

-4 

s 

M 

M 

Eh 

Q 

< 

• 

W 

<  M  S  C 

P^ 

[~4  t— IUA  M 

P3  ^  Q  l 

o  o 
s  P 
H  IP 


<o 
W 


C£J  X  P 


s 

o 


G 

i  I 


Eh 
O 

.  P^ua 


G 

•H 


rfKO  Sh 

o  i — ip 

Eh  o  X  P 


Pi 

•  jy  M 
03  Eh 
;  O  MO 
tqWGfc 
Eh  I — I 


CO 

pa 

O  <Jj 

n 


cca  o  O  ia  o  iao  ua  ua  ur\  ua 

CA  -4-  tO  H  vO  vO  C4  CO  00  O 

i — I  i — I  i — |  C4  -4 

l  l  l  l  l  l  ill 


oa  -4  40  -4  ua  O 

i — I  i — I 

I  I  I  I  I 


O  O  i — I 
i — I  CM  -4 

I  I  I 


OM  CA  -4  -4  40  ca 

i — I  i — I  i — I 

I  I  I  I  I  I 


CD  CA  CD  i — I 
i — I  ca  -4 

l  I  l 


—4  -4  "00  CA  i — I  v0 

i — I 

I  I  I  I  I  I 


LfMO'OO  o 

i — i  CM  -4 

I  I  I 


CD  On  4  O  O  -4M  mtO  OnO 

i — I  M  M  i — I  CM  -4 

I  I  I  I  I  I  III 


M  ua  vO  CD  CA  OA  ua  CD  CD  M  O 

I 


CM  CA  CD  CD  CA  lA-SO  CD  CD  CM  CD 

I - 1 

II  III  I 


CM 


-4 

CM 

'■0 


O  4  M  CM 
rH  CM  -4 


I  I  CD 

r— |  (NJ  CM  P  O  'to  CA  >>  M  $ 
CM  P-  P-  CA  G  CM 

CA  n O  vO  Q  M  Eh 


CD 

40 

cd 

P 

G 

•H 

G 

rG 

CO 


0 

> 

•H 

-P 

cd 

40 

0 

G 

P 

cd 

G 

£ 

O 

JC 

0 

0 

0 

0 

M 


G 

O 

•H 

0 

G 

cd 

a 

x 

M 


0 

> 

•H 

P 

•rH 

0 

O 

P, 

0 

G 

cd 

0 

0 

U 

40 

•H 


BIO 


>4  • 

as 


W 

Eh 

o 

s 


i  I  I 


I  ! 


!  1 


I  I 


1  I  I 


- 

1 


till 


* 


- 


READING  NO.  1 _  READING  NO,  2 _ 

INCREASE  LIN.  CHANGE  INCREASE  LIN.  CHANGE 

MIX  AGE  TEMP.  TEMP.  FROM  INITIAL  CORRECTED  FROM  INITIAL  CORRECTED  AVERAGE 

NO.  DAYS  ABOVE  CORRECTION  READING  FOR  TEMP .  READING  FOR  TEMP .  LINEAR 

INITIAL  xlO-5  in.  xlO-5  in.  xlO-5  in.  xlO-5  in#  xlO-5  in.  CHANGE 


cn 

Eh 


o 

M 


O  uh  iPvUAOu^OuhoOua 

r-Hr-H  r— I  IN  H  CO  O  OO  O 

i — 1  i — (Hi  — G 

II  III 


Bll 


c 

•rH 

g 

0 

p. 


rH  OH  O  OH  rH  \Q  iH  00  O  CT\  Hi 
•  rH  Hi  Pi  -G 

I  II  III 


0 

5x0 

0 

g 

•rH 

G 

x: 

cn 


c 

•rH 


G 

0 

a 


-GO-  -G  rH  Hi  UH  CO  O  00  "CO  O 

i — I  i — I  Hi  — G 

I  I  I  I  III 


g 

•H 


i — I  O  i — I  o 


g 

0 

a 


on  H  ON  to  H-  On 

i — |  i — |  Hi  OH 

I  I  I 


I 


0 

> 

•H 

-P 

bO 

0 

G 

0 

cx5 

G 

k-, 

> 

O 

x: 

0 


G 

♦H 


g 

0 

a 


-G  -G~  oh  Hi  o  to  to  H  ^vO  I> 

rH  H  Hi  oh 

II  III 


G 

•H 


g 

0 

p- 


OH  -G  -G  Hi  i — I  i — I  OH  Hi  HI, — |  Hi 

I  I  I  I  I  I 


0 
W 
0 
i — I 
G 
G 


G 

O 

•H 

0 

G 

P- 

X 


0 

> 

•H 


O 


UHvO  H  OH  N  Hi  1AOH  HH  OH 

II  III 


-G 

Hi 


O  oj 

i — I  Hi  — G 


i — I 

I 

Hi  Hi  tO 
Hi 


O  00  OH 
H-  H-  QN 
OH  \jO  HD 


I  0 

>>  tU)  g 
G  c  -H 
QHH 


•H 

0 

O 

Q* 

0 

G 

aJ 

0 

0 

G 

3 

bO 

•H 

[L 


CH 


Eh 

o 


■ 


I 


I  1  t 


I 


I  I 


1  I 


1  I 


: 


i 


!  -  . 

* 


« 


* 


• 

1 

<  : 


w 

o 


CO 


dp 

s 

W  o 

O  M 


PG  M  S  dl 
B  S  <  hP 
►>  I — i  X  H 
Cnlop 


>-0  up  O  O  up  o  O  CD  iaiao 

i — 1  op  i — I  PP'vQ  i — |  vO  -4*  -j- 

i — i  i — I  i — I  i — I  CV  OP 

l  l  l 


B12 


cv 

o 


c 

•iH 


up 

l 


G 

•H 


is  p£  Pi  o  g 
I — I  O  O  i — I  <1> 
HP  CD  P=H  X  P- 


MD  op  ntPiP-vOCPUDupoPcp 
i — I  i — I  i — i  i — I  Pi  op 

I  I  I 


o 

s 

H 

Q 

< 

pc; 


hD 

<=d 

M 

Eh 

H  H  C 
01  2  O  d  • 
<  M  IS  C 

(D)  I — I  UP  *H 
P^  Q  I 
O  O  <  O  Pi 
SPHH  (!) 

I — I  Pm  p^  X  O- 


tO 


i — i  op  up 


-4-  up  \Q 

i — I  i — I  i — I 


-4" 


PP  Pi 
H  Pi  OP 

I  I  I 


i — 1 

O 


P 

o 

S  Q 


•  • 


£i5  Eh  UP  *H 

•  Pc!  I 


S  P4  p^  O  G 
! — I  O  CD  i — I  (1) 
i—l  CD  Ph  Q. 


OP  O  Oi  O  MO  tOvO  iA 

i — I  i — I  i — I  Pi  CD 

I  I  I 


CD 
S 
I — i 
Q 
< 
w 

p^ 


dl 

< 


Eg 

c/5 

Pd 


i — i  c 

S  CD  -d 
H  S 
hdup 
^  Q  i 


G 

•H 


o  O  <  o  G 
S  pj  HH  ® 
i — I  Pi  fcj  X  P 


up  -u}-  op  r- |  CD  DO  CP  to  0-\0  -d- 

i — |  CV  OP 

II  III 


s 

o  • 

M  G 
Eh  -H  • 
O  G 
*  fDuP  -d 


Pd  I 

'4P!0  P 

H  Odd) 

Eh  o  x  a 


(V  — d"  UP  i — |  Oi  Pi  —d  i — I  i — I  O  i — I 

I  I  III 


I 

Eh 


o 

PQ 

C 


t-D 

<S 

H 

Eh 


H 


O 

pH 


-d  O-  to  Pi  CP  opvO  Pi  Pi  O  Pi 

II  III 


-d- 


Pi 


i — I 


O 


-d" 

rH 


Pi 


Pi 

-d" 


CO 

M  >H 

Pi 

rd 

1 

Pi  Pi  to 

o  DO  CP 

1 

to 

CD 

'-EH  r 

CD  <d 

CP 

Pi 

O-  P~  CP 

G 

G 

•rH 

C  Q 

0P\O  vO 

Q 

•rH 

Eh 

CD 

hi) 

cO 

P4 

G 

•H 

g 

JG 

CO 


I 


CD 

> 

•H 

-p 

cd 

hO 

CD 

C 

CO 

cd 


o 

PP 

CO 

CO 
CO 
CD 
i — I 

G 

3 


G 

O 

•H 

CO 

c 

cd 

x 

M 


CD 

> 

•H 

4-> 

•H 

CO 

O 

Q-. 

CD 

g 

cd 

co 

CD 

G 

G 

hO 

•H 


•  • 

w 

Eh 

o 

s 


o 


> ' 


I 


I 


I 


cn 


* 

o 

s 

o 

s 

M 

Q 

< 

pa 

Pi 


Eh 

S 

pa  o 

O  M 

s  G 
■<  G 
>  h  a  h 
c^o§ 


O  Pi 

<  -3 

Pi  P3 


H 

O 
JS 

<aj  Q  •  • 

£g%  C 

°oS 


pH 


P3  EhUA  -H 

a 

•  a  i 

s  a  a  o  g 

• 

MOO  H  0 

O 

a  o  a  x  a 

a 

ai 

a 

4 

1 — 1 

M 

E-n  • 

G 

pa  i — i  g 

4 

CO  S  O  -H  • 

pa 

<4  M  a  G 

a 

pa  i — iua  -h 

Q 

**0 


i-l 

< 


CO 

•4 

w 

Pi 

o 

s 

H 


O 

s 

Hua 

Q  l 

4  O 
Pi  W  i — i 
Pa  Pi  X 


M 

O 


I 

o  o  <s  o 
s  Pi  pa  m 

M  Pa  P^  X 


&  5 

rH 


H 
o 
s 

4 

o  o  pa  g 

fxl  EhuA  -h 

•  Pi  t 

5  pi  pi  o  G 

I — l  O  O  i — I  0 
i-iofe  x  a 


g 

H 


g 

•H 

g 

0 

a 


o  • 

i — I  g 

Eh  -H 

o 

Mua 


a  Pi  i 

.  Pi  o  G 

PI  O  i — 10 

EH  O  x  a 


t-p 
4 
•  pa  H 

&|  >  ^ 

3  O  HO 

HmS  Pa 

Eh  4  M 


co 
w  ^ 

o  4 
<U  Q 


!4  * 

a2 


UAUAUAUAOUAOOOOO 
0A  0-  Q\  tO  0,  CM  H  O  to  CM  CV 

r-H  H  w  00  H 

I  I 


0vO'»tO0^HOtOCM(M 

rH  rl  P  0  0  rH 

I  1 


-4-  rH  Pto  O  H^oto  0P 

r~)  i — I  CV  0-2  CO  i — 1 

I  I 


-4  0\  i — |  Q\  CO  i — l 

M  i — 1  i — 1  02 


ua  -4  ua  on  O  'CO 

i — I  i — 1  i — I 


r— |  UAVQO  000O  O  r— 1  O 

I 


02  OaOO  0  0to  o  O  02  O 
rH 

II  III  ■ 


<A2 


O  4  H  CM 
i — I  02  -4 


4 

02 

'CO 


H  I  0 

I  to  O  to  0  !>>  b£l  g 

02  02  02  !>-  !4  CO  G  G  -H 
CO  vO  aD  Q  *H  Eh 


0 

bO 

cd 

a 

c 

•H 

g 

a 

CO 


0 

> 

•H 

a 

0 

bC 

0 

g 

0 

cd 


o 

a 

0 

0 
0 
0 
i — I 

c 

G 


G 

o 

•H 

0 

G 

cd 

a 

x 

pa 


0 

> 

•rH 

a 

•H 

0 

O 

a 

0 

G 

0 

0 

0 

£ 

oO 

•H 


•  • 

pa 

Eh 

o 


B13 


I  I 


,  ,  .  . 


.  . 


* 

*  •* 


I 

1 


* 


' 


B14 


CO 


Eh 

tO  S 

c  pc:  to  o 

<!  <0  I — l 

Pi  W  s  X 

to  g  <3:  x 

i — i  cn  f— j 

X  X  o  ^ 


O  ctn  o  O  lcn  O 

On  CM  5>-  tr\  qn  op 

I - i 


C\2 

• 

o 

x 

o 

s 

I — I 

x 

X 

to 

pc: 


•  Pi  i 

s  pi  pi  o 

I — 1  O  O  i — I 

t— 1  o  fX  X 


£ 

Q) 

P4 


X 

< 

I — ! 

Eh 

M  m  C 
CO  S  O  -H  • 
<  M  X  £ 

tO  I — IUN  *H 
Pi^P  i 
ooco  S4 
X  Pi  to  rH  0 

I — i  pj  X  p 


to  op  !X  up  o 

i — 1 


On  CM  i — I  ctn  C^- 

I 


0 

aO 

ccS 

X 

£ 

•H 

g 

x 

CO 


I 


0 

> 

•H 

-P 

0 

to 

0 

0 


M 

O  Q  •  • 

X  fO  a,  £ 
<:eh§-h 

• 

x  o  x 

£ 

o  to  E-m-n 

•H 

•  pc;  i 

rH 

£ 

i — i  O  O  i — i 

0 

« 

t— - 1  co  ix  x: 

X 

o 

s 

X 

o 

< 

s 

X 

H 

Eh 

Q 

<H 

• 

tO 

<  H  S 

£ 

Pi 

to  HUP 

S^P  1 

•H 

o  O  X  o 

£ 

X  pi  to  i — 1 

0 

H  fcp;  X 

P- 

53 

O  • 

H  0 
Eh  H  ♦ 


o 

•  tOu~\ 

&£=:  ' 


£ 

•H 


i2ot 


to  o  ' — i  0 

Eh  O  X  P 


o  CM  Cs-  UP  ON  OP 

i — I  i — I 


i — 1  C~ .  i — |  UP  vQ  O 
i — I  ' — i 

I 


H  UNO  O  O  0 

I 


0 


0 

£ 

£ 

O 

X 


CO 


CO 

CO 

0 


*\ 


£ 

o 

•H 

0 

£ 

0 

S 

H 


0 

> 

•H 

X 


0 

o 

a 


x 

H 

X 


H  O 

to  PP 

Eh  X  M 


CO 

X  >H 
O  X 

<c  q 


IO 

X 


cv  onO  o  00 

I — I 

II  II 


CM 

X 

i — 1 

CM 

1 

X  H  CM 

CM 

•oo 

O 

CO 

CM 

O- 

op 

X! 

a 


O 

s 


CM 
i — I 


0 

g 

0 

0 

0 

0J 

•H 


to 

x 

o 

s 


. 

I  l» 

» 


I 


i  : 


APPENDIX  C 


PRELIMINARY  DRYING  SHRINKAGE  DATA 


Subsequent  to  obtaining  the  data  for 
linear  expansion  under  moist  conditions,  as 
was  presented  in  the  body  of  this  report,  the 
linear  change  specimens  were  subjected  to  drying 
conditions.  The  drying  shrinkage  data  obtained 
up  to  the  time  of  writing  is  included  in  this 
appendix. 


This  data  does  not  pertain  to  the  body 
of  this  report.  It  is  included  here  as  preli¬ 
minary  data  for  possible  future  study  of  the 
ultimate  shrinkage  of  these  specimens. 
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